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THERMAL AND MOISTURE EXPANSION OF BALL CLAYS AND BODIES 
FIRED TO DIFFERENT TEMPERATURES* 


By H. THremecke 


ABSTRACT 


Thermal and moisture expansion determinations were made on ten ball clays of the 
Kentucky, Tennessee, and English types alone and on typical semivitreous and vitre- 
ous bodies in which each of these ball clays was incorporated. The clays and bodies 
were fired at cones 6, 9, and 11. The data indicate that the ball clays fall into five dis- 
tinct groups. Although none of the clays showed a direct relation between its expan- 
sion and that of the bodies in which it was incorporated, a majority possessed charac- 
teristics sufficiently similar to permit their classification into groups in which the behav- 
ior of the clays alone is indicative of their influence on the bodies. When several ball 
clays were jointly incorporated into bodies, they showed additive thermal and mois- 
ture expansion values. 


|. Introduction the specimens with a variation only in the plastic mate- 
This investigation is supplemental to one previously — i. M ls 
published,' which discussed the thermal and moisture , : : 
expansion of kaolins and bodies. Both investigations The chemical analyses of the ten ball clays used in 
are similar in scope, nature, and purpose, and both these tests are givenin Table I. Thermal and moisture 
involve the same methods of preparation and tests on ¢Xpansion data were obtained on these clays after each 
sample was fired at three different temperatures. 
“ar ee Three groups of typical bodies were also tested, each of 
* Presented at the Forty-Fourth Annual Meeting, The Which contained but one of the ten ball clays. 
American Ceramic Society, Cincinnati, Ohio, April 23, Bodies No. 60, 90, and 110 were made up to deter- 
ei (White Wares Division). Received January 14, mine whether the thermal and moisture properties were 
“TH. Thi a , , . additive when several ball clays were jointly incorpo- 
rated. The compositions of the bodies are given in sec- 


Jour. Amer. Ceram. Soc., 23 [2] 69-75 (1941). tion II (1). 
Taste I 
CHEMICAL ANALYSES OF CLays (%) 
Dark No. 90 
No. 4 No. 12 Special No. 5 Dres- Eng- Cham- Chal- 
Ky.* Ky.* Ky.* Ky.t Greyt Dark?t lish § pion) lenger 
SiO, 51.65 47.39 48.29 59.46 56.22 53.03 54.04 45.02 52.26 49.88 
TiO, 1.7: 1.69 2.33 0.81 1.81 1.40 1.07 0.61 1.67 1.72 
Al,O; 31.24 30.98 29.64 23.38 29.97 30.38 30.65 34.74 30.37 30.54 
Fe,0; 1.17 1.06 0.95 2.29 1.05 0.91 1.62 0.94 0.98 0.94 
MgO 0.50 0.59 0.60 0.29 0.24 0.36 0.51 0.75 0.11 0.13 
CaO 0.20 0.16 0.28 0.32 0.26 0.35 0.44 0.29 0.14 0.18 
K,O 0.36 0.13 0.46 1.55 0.26 0.30 
Na,O 0.58 0.36 0.33 0.66 0.13 0.18 
Combined alkalis 1.78 0.79 1.01 0.31 
Ignition loss 12.13 17.36 17.29 11.68 9.90 12.63 11.46 14.98 14.06 16.15 
* Kentucky-Tennessee Clay Co. , Paper Makers Importing Co. 
+ Kentucky Clay Mining Co. | Spinks Clay Co. 


t Bell Clay Company 
173 


174 
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Taste II 


PERCENTAGE THERMAL EXPANSION OF BALL CLAYS AND Bopres Firep at DIFFERENT TEMPPRATURES 


Dark 
Special 


Temp. interval 
(°C.) 


No. 4 


0. 


0. 


No. 12 


0.009 
.021 


No. 5 Champion Challenger Grey 


(A) Ball clays fired to cone 6 


0.008 0.010 0.009 
.022 -021 .019 
030 .026 .028 031 
041 .038 .038 040 
048 .048 .049 052 
052 .055 .060 060 
058 .065 .071 70 
065 .076 .082 082 
074 .087 .094 094 

080 .099 . 105 106 

090 115 

102 123 131 129 

116 144 . 145 145 

130 156 158 159 

145 - 168 -171 174 

158 182 . 184 188 

202 .195 202 

190 .212 .209 219 

204 .228 .224 234 

218 .246 . 236 252 

242 . 264 .253 276 
. 288 .306 .277 . 306 
.305 .324 .295 
.318 .341 . 309 . 350 


(B) Ball clays fired to cone 9 


028 -045 .046 042 
040 -082 .078 076 
054 . 128 .120 117 
068 - 183 . 160 163 
083 .219 .191 212 
100 . 253 .214 243 
116 277 . 232 267 
129 295 .248 287 
143 309 - 265 308 
156 324 .278 325 
169 339 . 295 344 
182 356 . 308 362 
198 371 .321 380 
217 .387 .336 397 
230 -405 .352 418 
250 .422 .365 430 
268 .440 . 382 453 
285 .459 892 470 
.300 478 .410 .486 
.322 . 500 .427 .512 
368 530 .446 .546 
386 556 .470 566 
.400 .578 .490 . 586 


(C) Ball clays fired.to cone 11 
O11 0.020 0.018 0.020 


.025 .043 .042 .052 
.033 .082 .075 . 108 
.057 . 136 .127 . 152 
. 082 . 202 .176 .218 
. 106 .255 .216 .271 
. 135 . 294 . 240 
. 166 . 332 .272 341 
. 182 .350 . 289 
197 .365 .308 .375 
.211 .381 .320 386 
. 226 .400 . 333 . 400 
237 .410 409 
250 .426 . 365 432 
262 .442 .379 446 
278 392 460 
291 .472 406 478 
301 .486 418 496 
318 . 506 433 514 


Dark 


No. 90 
Dresden English 


0.011 0.011 


.028 .021 
.045 . 032 
. 060 .041 
083 

.093 .059 
.068 
.121 .080 
. 132 .094 
. 148 . 106 
. 162 
.178 . 133 
195 147 
. 208 . 160 
. 225 .173 
.241 . 189 
. 257 . 199 
.275 .212 
. 289 . 220 
306 . 235 
.325 . 248 
352 . 264 
368 .279 
384 . 290 


0.016 0.006 


.040 .015 
.072 .027 
109 .038 
167 .051 
. 204 .063 
. 237 .075 
. 254 .089 
.269 . 100 
.283 . 108 
. 298 .121 
.308 . 133 
.324 .144 
.336 . 154 
.350 . 165 
366 .177 
.381 . 192 
.410 .212 
.422 
. 436 . 239 
. 460 .251 
.473 . 263 
.488 . 276 


.035 .014 
. 069 .023 
. 104 .031 
173 
216 .053 
252 . 062 
.270 .073 
. 285 . 084 
.300 .098 
. 104 
.328 117 
.340 130 
140 
. 368 154 
.379 163 
. 390 175 
. 400 183 
.412 195 
428 207 
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25-50 0.009 0.011 0 
75 017 
100 030 025 
125 .040 .047 .048 .084 
150 052 062 043 
175 .061 .075 .076 .051 
200 .087 .085 .058 
225 085  .102 .095 066 
250 .097 113 lll 
275 11 124 088 
300 120.1388 100 
325 110 
350 .148 . 164 .161 . 129 
375 .161 .178 .176 .148 
400 176 154 
425 195 .207 .204 169 
450 202 216 182 
475 216 198 
500 220 214 
550 261 ‘274 278 248 
575 284 300 279 
600 300 314 300 
625 318 
25-50 0.017 0.011 0.014 0.021 0.021 001 002 
75 032 .085 
100 054 .062 .059 085 
125 090 088 130 
150 128 128 173 
175 . 164 .158 .158 .211 
200 191 180 185 240 
225 206 258 
250 218 275 
275 233 2381 290 
300 ‘48 304 
325 263 318 
350 284 258 .268 333 
375 295 .285 
400 306 284. 298 362 
425 295 376 
450 333. 332 396 
475 349 404 
500 362 418 
525 876 434 
550 390 361 ‘381 452 
575 406 .373 .394 476 
600 ‘418 .408 493 
625 35 .406 .422 510 
25-50 W016 0.012 0.011 0 0.019 0.016 0.007 
75 0385 .029 .028 047 
100 .059 .052 .056 . 082 
125 . 080 .090 .135 
150 . 1385 .121 .123 . 205 
175 .172 .159 . 248 
200 . 204 178 .188 .278 
225 .219 .193 . 202 . 296 
250 . 233 .205 .217 .313 
275 .247 .221 . 233 .325 ( 
300 . 262 232 . 245 .242 
325 ‘276 280 357 ( 
350 . 288 . 256 .271 .372 
375 299 283 384 
400 ‘310 287 297 
425 . 296 .310 .410 
450 .338 .308 .325 .422 
475 .319 .333 .436 
500 . 363 . 334 .345 
525 377 461 
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TABLE II (continued)* 
Temp. interval Dark No. 90 
°C.) No. 4 No. 12 Special No. 5 Champion Challenger Grey Dark Dresden English 
550 0.393 0.364 0.371 0.331 0.526 0.450 0.531 0.476 0.441 0.218 
575 .405 .873 . 384 .350 . 552 .468 . 565 .496 .461 .231 
600 .418 .389 398 .870 . 574 .483 . 585 .512 .476 .240 
625 .434 .403 .414 . 383 . 595 . 500 .600 . 526 .490 . 250 
(D) Semivitreous bodies fired to cone 6 
Temp. interval Body No. 
(°C.) 61 62 63 64 65 66 67 68 69 610 60 
25-50 0.012 0.012 0.014 0.010 0.010 0.011 0.014 0.012 0.011 O.O11 
75 .027 .027 .030 .029 .023 .023 .029 .029 .029 .025 .029 
100 .045 .045 .046 .046 .040 .687 .046 .088 .046 
125 .057 .057 .060 .064 .058 .051 .069 .068 .060 .052 .060 
150 .074 .074 .076 . 082 . 082 .068 .088 .086 .076 .070 .076 
175 .091 .097 .100 .098 .081 . 106 .098 .086 .098 
200 .108 .108 .114 . 120 .117 .097 .129 .124 . 108 
225 .121 .121 .128 . 138 . 138 .112 .147 .141 .128 .118 . 128 
250 . 138 .138 .145 . 152 .145 .130 . 165 .159 .145 . 139 .145 
275 . 156 . 156 . 163 .173 . 169 .150 . 182 .179 . 164 .149 . 164 
300 .170 .170 .178 .193 . 187 . 168 .200 .195 .180 . 164 . 180 
325 . 186 . 186 .195 .210 . 204 . 188 .218 .217 . 198 .178 .198 
350 . 208 . 208 .215 . 229 .225 . 209 . 237 . 236 .216 .200 .216 
375 . 224 . 233 .247 .245 . 230 .254 . 255 . 234 .217 . 234 
400 .244 .244 .250- .270 . 263 . 250 .277 . 250 . 235 . 250 
425 . 260 . 260 . 266 . 288 . 282 .271 . 295 .297 .273 . 254 .273 
450 .276 .276 . 281 . 306 . 298 . 292 .312 .314 .292 .272 . 292 
475 .295 . 295 . 302 .328 .820 . 336 3833 311 .291 
500 .314 .314 . 322 .348 .340 .334 . 358 . 3860 .329 . 3806 .329 
525 .338 .338 .340 871 . 362 . 382 . 384 .353 .327 .353 
550 . 364 . 364 . 364 . 3896 . 383 . 376 .405 415 . 380 .345 . 380 
575 .408 .408 .420 .468 .444 .455 .492 .470 .434 .400 .440 
600 .432 .432 .440 .491 .464 .476 515 .490 .453 .418 .460 
625 .455 .455 . 460 .514 . 486 .496 . 535 . 506 .474 .435 .476 
(2) Semivitreous bodies fired to cone ¢ 
Temp. interval Body No. 
°C, 91 92 93 94 95 96 97 98 99 910 90 
25-50 0.014 0.012 0.012 0.012 O.011 O.018 O.O11 O.011 O.011 0.011 
75 .029 .025 .025 .029 .031 .026 032 .029 .025 .026 .031 
100 .040 .040 .040 .044 .045 .039 046 .043 .040 .040 .045 
125 .055 . 052 .052 . 060 .060 .054 065 .058 .055 .052 .060 
150 .069 .068 .068 .075 .076 .069 O84 .073 .069 .065 .076 
175 .083 . 080 .080 .093 .093 . 083 100 . 088 .083 .093 
200 .097 .092 .092 .109 .110 .097 123 . 105 .101 .091 .110 
225 . 108 .108 . 126 .125 .114 140 .121 .115 .108 . 125 
250 . 126 .124 .124 .148 .140 . 132 153 .138 .131 .120 .140 
275 .141 .138 .138 . 160 . 156 .147 i . 155 .143 .138 . 156 
300 . 156 .154 . 154 .177 .172 . 164 190 -171 .161 . 156 .172 
325 .171 .171 171 .195 .190 . 185 208 . 185 .176 .169 * .190 
350 . 189 . 189 . 189 .213 . 208 . 204 . 226 . 203 .194 . 185 .208 
375 .207 . 206 . 206 .231 . 224 . 220 240 . 220 .208 . 204 . 224 
400 . 225 . 224 . 224 . 248 .241 .241 . 264 .245 . 225 . 222 .241 
425 . 253 .241 .241 . 267 . 260 . 260 281 . 263 . 244 . 236 . 260 
450 . 264 . 260 . 260 . 286 .279 .281 300 .281 . 260 . 254 .279 
475 .278 .278 .278 .309 . 296 . 3804 320 . 304 . 285 .276 . 296 
500 .300 . 296 . 296 . 330 .314 .828 346 .3825 . 296 .814 
.322 .316 .316 .352 .344 . 352 368 .346 . 323 . 322 .344 
550 . 344 . 3835 .835 .3873 . 364 .376 389 . 366 .344 . 364 
575 .408 .405 .405 .466 .441 .460 474 .440 . 890 .441 
600 .430 .423 .423 .490 .460 .474 495 .461 .459 
625 .448 .440 .442 .510 .480 .496 520 .484 . 454 430 .478 
* Table II concluded on next page. 
(1) Compositions of Bodies four ball clays: No. 4 Ky., No. 12 Ky., Champion, and 
Challenger. 
= I, Cone 6 Semivitreous Bodies, Nos. 60 to 69 and No. In each of the other bodies, there was 32% of a single 
bail clay: No. 4 Ky. (body No. 61); No. 12 Ky. (body 
Each of these eleven bodies contained 10% of Kamec No. 62); Dark Special Ky. (body No. 63); Champion 
N. C. kaolin, 10% of Pioneer Georgia kaolin, 9% of (body No. 64); Challenger (body No. 65); No. 5 Ky. 
N. C. feldspar, 8% of Capyco N. C. pyrophyllite, 6% (body No. 66); Grey (body No. 67); Dark (body No. 
of Loomis N. Y. talc, and 25% of flint, totaling 68%. 68); Dresden (body No. 69); and No. 90 English (body 
In body No. 60, there was 8% of each of the following No. 610). 
(1943) 
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TABLE II (concluded) 
PERCENTAGE THERMAL EXPANSION OF BALL Clays AND Bopigs AT DirFERENT TEMPERATURES 


(F) Vitreous bodies fired to cone 11 


Group II, Cone 9 Semivitreous Bodies, Nos. 90 to 99 and No. 
910 


Each of these eleven bodies contained 12% of Pio- 
neer Georgia kaolin, 10% of Kamec N. C. kaolin, 12% 
of N.C. flint, and 36% of flint, totaling 70%. 

In body No. 90, there was 6% of each of the following 
five ball clays: No. 4 Ky., No. 12 Ky., Champion, Chal- 
lenger, and No. 5 Ky. 

In each of the other bodies, there was 30% of a single 
ball clay: No. 4 Ky. (body No. 91); No. 12 Ky. (body 
No. 92); Dark Special (body No. 93); Champion 
(body No. 94); Challenger (body No. 95); No. 5 Ky. 
(body No. 96); Grey (body No. 97); Dark (body No. 
98); Dresden (body No. 99); and No. 90 English (body 
No. 910). 


Group III, Cone 11 Vitreous Bodies, Nos. 110 to 119 and No. 
1110 


Each of these eleven bodies contained 20% of Pio- 
neer Georgia kaolin, 30% of N. C. feldspar, and 20% of 
flint, totaling 70%. 

In body No. 110, 7.5% of the following four ball clays 
was added: No. 4 Ky., Dark Special, Grey, and No. 90 
English. 

In each of the other bodies, there was 30% of a single 
ball clay: No. 4 Ky. (body No. 111); No. 12 Ky. (body 
No. 112); Dark Special Ky. (body No. 113); Cham- 
pion (body No. 114); Challenger (body No. 115); No. 
5 Ky. (body No. 116); Grey (body No. 117); Dark 
(body No. 118); Dresden (body No. 119); and No. 90 
English (body No. 1110). 


Temp. interval Body No. 

CC) 11 112 113 114 115 116 117 118 119 1110 110 
25-50 0.011 0.011 0.011 0.011 0.011 0.010 0.011 0.008 0.011 0.008 0.008 
75 019 §=.019 «.019 02 021 .022 .021 .019 019 019 
100 .033 .033 .033 BPN 033 
125 047 = .047— «047 045 045 047 045 044 044 
150 .059 .059 059 059 062 4.059 86.056 059 056 .056 
175 .073 -073 .073 072 072 075 .072 .067 072 067 067 
200 . 084 -084 084 085 085 091 -085 . 082 085 082 . 082 
225 -096 096 099 097 102 .099 095 097 095 
250 .110 -110 .110 113 110 116 -110 113 110 113 .113 
275 . 124 .124 .124 126 125 131 - 124 131 125 131 131 
300 . 138 . 138 .141 138 148 . 138 .145 . 138 145 .145 
325 149 .149 .149 .153 154 166 . 152 . 158 154 . 158 158 
350 . 169 . 169 169 164 . 167 . 182 169 167 174 174 
375 182 - 182 182 183 . 182 . 198 185 185 . 182 188 185 
400 199 197 -215 . 202 . 199 197 202 . 199 
425 .210 -210 -210 214 . 233 .218 .214 .214 220 .214 
450 . 223 -223 227 228 . 234 . 228 . 228 236 . 228 
475 232 . 232 244 .265 - .250 252 
525 .271 268 . 268 275 .273 . 300 .220 .273 284 
575 .316 .312 312 326 .319 354 . 827 .319 .319 329 .319 
600 -327 . 327 334 371 .343 334 334 346 .334 
625 342 . 339 . 339 .357 348 385 358 351 348 362 351 


Ill. Results and Discussion 


(1) Thermal Expansion 

Values for the linear thermal expansion of the ball 
clays and bodies are shown in Figs. | to 6 and Table II. 
These data indicate that the ball clays investigated fall 
into five distinct groups, namely, (1) Kentucky Nos. 4 
and 12 and Dark Special; (2) Champion, Challenger, 
Grey, and Dark; (3) Kentucky No. 5; (4) Dresden; 
(5) English No. 90. Inasmuch as the expansions of the 
clays of groups (1) or (2) and their corresponding bodies 
are similar in type and magnitude, only one clay of each 
of these two groups and its corresponding bodies are in- 
cluded in the graphical comparisons listed in Figs. 1 to 
6, inclusive. 

With the exception of Dresden ball clay, the expan- 
sions of the ball clays fired to cone 6 did not differ 
greatly (sée Fig. 1). The cone 6 bodies incorporating 
the ball clays singly similarly revealed only slightly 
divergent expansions which were not of the same order 
as those of the ball clays alone. Within groups of 
similar clays, however, such as those of groups (1) and 
(2), the expansion of any clay was reflected in the ex- 
pansion of its respective body. 

Fired to cone 9, the total thermal expansions of all the 
clays, except the English ball clay, increased, but they 
were widely divergent among the various groups (Fig. 
2). All of the Tennessee ball clays showed higher ex- 
pansions than the Kentucky and English ball clays. 
The expansions of the clays of groups (1), (2), and (4), 
fired to cone 9, showed a marked increase, particularly 
in the 100° to 200°C. range because of the formation of 
cristobalite. Unlike the other clays, the Kentucky No. 
5 ball clay showed no cristobalite development at cone 
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Fic. 1.—Thermal expansion of five ball clays after firing 
at cone 6; ball clay curves: (A) dark special Kentucky, 
(B) Champion Tennessee, (C) No. 5 Kentucky, (D) Dres- 
den Tennessee, and (EZ) No. 90 English. 


06 


Os 


Expansion (%/ 
S 


S 


Fic. 2.—Thermal expansion of five ball clays after 
firing at cone 9; ball clay curves: (A) dark special 
Ken , (B) Champion T (C) No. 5 Ken- 


‘ennessee, 
tucky, (D) Dresden Tennessee, and (Z) No. 90 English. 


9. It also appeared that no change took place in its 
free quartz content from the cone 6 to the cone 9 firing 
as evidenced by the same amount of expansion at the 
573°C. inversion point. Again, as at cone 6, the bodies 
incorporating the individual ball clays showed less di- 
vergent expansions than the ball clays alone. Except 
1943) 
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Fic, 3.—Thermal expansion of five ball clays after 
firing at cone 11; ball clay curves: (A) dark special 
Ken , (B) Champion Tennessee, (C) No. 5 Ken- 
tucky, (D) Dresden Tennessee, and (EZ) No. 90 English. 
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Fic. 4.—Thermal expansion of cone 6 semivitreous 
bodies with different single ball-clay components: 
curves: (A) body No. 63 with dark special Kentucky 
ball clay; (B) body No. 64 with Champion Tennessee 
ball clay; (C) body No. 66 with No. 5 Kentucky ball 
clay; (D) body No. 69 with Dresden Tennessee ball 
cay: and (EZ) body No. 610 with No. 90 English ball 

y. 


for the anomalous Kentucky No. 5 ball clay, the order 
of expansion values for the clays alone was the same as 
for their respective bodies. It is also to be noted that 
the expansions for the bodies at cone 9 were approxi- 
mately of the same order as for the cone 6 bodies. 

The expansions of the Tennessee bali clays fired to 
cone 11 (see Fig. 3) were slightly greater than at cone 9, 
whereas these values were reversed for the Kentucky 
and English ball clays. Significant at the cone 11 
firing was the cristobalite development in the Kentucky 
No. 5 ball clay (not manifest at cone 9); there was also 
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TaBLeE III 
PERCENTAGE MOISTURE-EXPANSION AND ABSORPTION OF BALL CLAyYs AND FIRED TO DIFFERENT TEMPERATURES * 
Cone 6 Cone 9 Cone lit 
Clay Body Clay Body Cay 

(2) (1) (2) (1) (2) (1) (2) (2) 
No. 4 Ky 0.095 11.6 0.073 11.1 0.053 6.1 0.092 8.1 0.000 0.0 
No. 12 Ky. .097 14.6 .075 12.1 .059 9.5 .095 9.4 .000 0.0 
Dark Special .097 i4.9 .075 12.6 .059 9.6 .095 9.4 .000 0.0 
Champion .068 12.8 .080 12.7 .028 8.6 . 100 10.2 .023 3.8 
Challenger . 067 11.2 .080 12.3 .024 5.7 .098 9.8 .000 0.0 
No. 5 Ky. 131 17.8 .060 12.6 .092 9.3 .089 9.6 .054 3.5 
Grey O71 14.2 .082 13.3 .031 9.9 . 104 11.2 .025 4.1 
Dark .068 13.1 .082 13.0 .026 7.7 .100 10.0 .007 0.7 
Dresden .070 8.0 .079 10.6 .003 0.1 . 096 8.0 .000 0.0 
No. 90 English .068 5.0 . 066 7.4 .000 6.0 .092 7.9 .000 0.0 
Composite .078 12.1 .094 9.0 


* Columns numbered (1) show percentage of expansion; (2) percentage of absorption. 


¢ All cone 11 bodies had zero expansion. 


as 


Exponsion(%) 
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0 100 200 300 400 500 600 

Fic. 5.—Thermal expansion of cone 9 semivitreous 
bodies with different single ball-clay components; 
curves: (A) body No. 93 w with dark special Kentucky 
ball clay; (B) body No. 94 with Champion Tennessee 
ball clay; (C) body No. 96 with No. 5 Kentucky ball 
clay; (D) body No. 99 with Dresden Tennessee ball 
clay; and (EZ) body No. 910 with No. 90 English ball 


clay. 


a decided decrease in free quartz. In view of the same 
order of expansion obtained on the ball clays alone at 
cones 9 and 11, the change brought about in the order 
of expansion of the bodies at cone 11 is interesting; 
the Kentucky No. 5 and English ball clays, which per 
se had relatively low expansion, produced bodies having 
the highest expansion. In this connection, because 
cristobalite shows a higher thermal expansion than 
quartz’ within the temperature range used in this in- 
vestigation, possible increased fluxing of these ball clays 
in the bodies may have taken more of the quartz into 
solution and crystallized out a correspondingly greater 
amount of cristobalite.* 


? R. B. Sosman, Properties of Silica, p. 363. American 
Chemical Society Monograph Series, No. 37, Chemical 
Catalog Co., Inc., New York, 1927; Ceram Abs., 7 [7] 
505 (1928). 

3 N. W. Taylor and Cho-Yuan Lin, ‘Effect of Various 
Catalysts on the Conversion of Quartz to Cristobalite and 
Tridymite at High Temperatures,’’ Jour. Amer. Ceram. 
Soc., 24 [2] 57-63 (1941). 
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Fic. 6.—Thermal expansion of cone 11 vitreous 
bodies with different single ball-clay components; 
curves: (A) body No. 113 with dark special Kentucky 
ball clay; (B) body No. 114 with Champion Tennessee 
ball clay; (C) body No. 116 with No. 5 Kentucky ball 
clay; (D) body No. 119 with Dresden Tennessee bail 
clay; and (E£) body No. 1110 with No. 90 English ball 
clay. 


At all three firings, data on the composite bodies in- 
dicated the thermal expansion properties of the jointly 
incorporated ball clays to be additive. 


(2) Moisture Expansion 
The percentages of absorption, obtained by following 
the procedure outlined by The American Ceramic 
Society Committee on Standards,‘ as well as linear ex- 
* American Ceramic Society Standards Committee Re- 


port, “Standard Methods for Behavior in Firing,” Jour. 
Amer. Ceram. Soc., 11 [6| 455 (1928). 
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pansion data after autoclaving the ball clay and body 
specimens are given in Table III. The cone 11 vitre- 
ous bodies had zero values and therefore are not in- 
cluded in this table. 

The moisture expansion data indicate that the ball 
clays fall into the same five distinct groups found in the 
thermal expansion study. Of the ball clays investi- 
gated, all of the Kentucky clays showed higher moisture 
expansion at cones 6 and 9 than the Tennessee and 
English clays; this was not true, however, of their re- 
spective bodies. Considering only the Kentucky and 
Tennessee ball-clay bodies at cones 6 and 9, all bodies 
containing Kentucky ball clays showed lower moisture 
expansion than the corresponding Tennessee bodies. 
Although the moisture expansion of the ball clays alone 
did not serve to indicate the moisture expansion of 
their respective bodies, similar clays within groups 
(1) and (2) did possess this property, the higher expand- 
ing ball clays producing bodies of higher expansion. 
Because the absorption values of clays within a group 
and their respective bodies parallel the moisture expan- 
sion values, the one property apparently is a function 
of the other in similar clays. 

Again, as in the thermal-expansion study, Kentucky 
ball clay No. 5 proved itself anomalous in that the clay 


alone had the highest moisture expansion but it showed. 


179 


the lowest expansion when it was incorporated in the 

The composite bodies fired at cones 6 and 9 showed 
additive moisture expansion values for the ball clays, 
which was also true of the thermal expansion deter- 
minations. 


IV. Conclusions 

The data obtained for the ball clays investigated in- 
dicate that the thermal and moisture expansions char- 
acteristic of the clays themselves are not reproduced 
in the same order in bodies of which the clays are a part. 
The similarity in this respect, however, as well as other 
physical properties (not reported here) of the majority 
of the clays originating within proximate geographical 
locations, permits their classification into groups for 
which their behavior may be predicated, both alone and 
in bodies. 
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SOLUBLE SULFATE CONTENT OF POTTERY BODIES DURING PREPARATION * 


By H. R. W. P. Corteryovut 


ABSTRACT 


A method of analysis has been developed that gives consistent results for soluble sul- 
fate and total soluble salts in ceramic raw materials and bodies. Values for sulfate on a 
dry-weight basis ranged from 0.01 to 0.28% with ball clays, from 0.002 to 0.015% with 
china clays, and from 0.000 to 0.007% with miscellaneous raw materials. Bentonites 
were relatively high in sulfate, a Wyoming bentonite showing the highest value, 0.194%. 

The distribution of sulfate in the slip, cake, and press water was determined for 
eightten ceramic bodies. An et mah in the water-clay ratio in slips was found to in- 
crease the recoverable soluble sulfate (percentage dry basis). In experiments on re- 
peated cycles of cake to slip to filter pressing, soluble sulfate continued to be released, 
but the bulk of the sulfate was obtained in the first pressing. Quantitative results are 
ng on the effectiveness of barium carbonate as a precipitating reagent for sulfate in 

ips. 

Aging from six months to one year was found to have little effect on the soluble sulfate 
in stored samples of slips, cakes, and press waters. Dry storage, however, doubled the 
soluble sulfate content >f a freshly mined ball clay within six months, evidently by oxida- 


tion of sulfur compounds. 


|. Introduction 
Soluble salts, such as sulfate, are present in varying 
amounts in the raw materials used in pottery processing. 
These salts may cause viscosity and dispersion prob- 


* Presented at the Forty-Fourth Annual Meeting, The 
American Ceramic Society, Cincinnati, Ohio, April 22, 
1942 (Materials and Equipment Division). Received 
March 31, 1943. 

t The authors are, respectively, j chemist and 
former assistant physical chemist nist (now at 
University, Valparaiso, 
tory, Bureau of Mines, U. S. of of the 
Norris, Tenn. Published by permission of the Direc- 
tor of the Bureau of Mines; the work has been done in 
cooperation with the Tennessee Valley Authority. 


(1943) 


lems in the casting of slips as well as scumming and 
poor glaze fit on bodies. It is often assumed that such 
salts are adequately removed by ordinary filter press- 
ing even though the potter's press is not equipped for 
washing the cake. The procedures for determining 
soluble sulfate have been investigated in this study, 
and data have been obtained on the amount present 
in ceramic materials. Some information has been ob- 
tained on (1) completeness of removal of soluble sul- 
fate in filter pressing (2) on the effect of age on soluble 
sulfate content of samples, and (3) the action of barium 
carbonate as a precipitating agent for sulfate. 


} 
| 
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ll. Methods 
(1) Body Preparation 
The batches were prepared by blunging 400 Ib. of 


eS of tap water (water-clay 
ratio, 2) for 8 hours, screening through a 150-mesh 
sieve, passing through a magnetic separator, and filter 
pressing in A-plate Crossley press to produce cakes, 
24 by 24 by 1'/, in. in size. Samples of slip, press 
cake, and filtrate were kept sealed in glass jars ene 


analysis. 


(2) Factors Affecting Analytical Procedure 
(A) Filtration Technique: The analyses of both cake 


gm. of dry clay in 1000 ml. of water. Filter cakes and 
concentrated slips required dilution. 

A clear filtrate was necessary to determine sulfate 
gravimetrically. The samples were filtered through a 
Mandler diatomite filter except for a few that were 
centrifuged. The filters gave good separation of 
water from clay in most cases. It was found, however, 
that very small particles could be introduced into the 
filtrate, amounting in some cases to 1 to 2 mg. per 
400-ml. portion or from 0.002 to 0.004% of a 50-gm. 
sample of clay. Examination of the filtrate with a 
strong, focused beam of light showed the presence or 
absence of these small particles as well as any colloidal 
material that was present. Removal was effected by 
acidifying the solut‘on with a few drops of HCl, heating 
a few minutes, and filtering through Whatman No. 42 
filter paper. 

Comparisons on several slips showed that the cen- 
trifuge* was as effective for removing turbidity as the 
diatomite filter. Bentonites, however, which swell 
rapidly, impeded filtration and did not settle quickly 
in the centrifuge. The following combination treat- 
ment was therefore used for such difficult material: 
Most of the bentonite was settled in the centrifuge, 
and the supernatant liquid was then filtered through a 
Mandler filter. Any remaining cloudiness was re- 
moved by acid treatment and filtration through paper. 
Two bentonites that showed an apparent sulfate con- 
tent of 0.450% and 0.052% without acid treatment of 
the filtrate showed only 0.194% and 0.036%, re- 
spectively, after the acid treatment. 

Unglazed porcelain-filter cylinders were as satis- 
factory for. removing colloidal matter as the diatomite 
filters. Inasmuch as the filter cylinders may be ob- 
tained in various pore sizes and as clay is a polydis- 
perse system, any statement as to efficiency in remov- 
ing colloids is purely relative. The porcelain cylinders, 
however, apparently did not lose small pieces of filter 
material from the inner walls as readily as the diatoma- 
ceous cylinders. 

To determine whether sulfate was removed by ad- 
sorption on the diatomite filter surface, a cloudy press 
water relatively high in sulfate was divided into three 


* International No. 2, with an 18-in. head and speed of 
2000 r.p.m. An hour or more was required for clarification 
of the slips. 
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EFFECT ON S04 EXTRACTION 


CONCENTRATION 


SLIP S-8 al 
0.060 
a 
0.06 
= 
0.040}- 
3 SLIP CENTRIFUGED, 805 
WATART LIQUID. “7 
ru 
0.010 + © GAKE, FILTER PRESSED. _| 
e000 4 4. i i 4 i i 
° 200 600 800 1000 


ORY CLAY, GRAMS PER 1000 ML. WATER 
Fic. 1.—Concentration effect on SO7Z extraction for slip 
S-8. 


portions and was treated as shown in Table I. The 
diatomite filter itself evidently did not remove SO> 
ions. If considerable clay was present in the sample to 
be filtered, however, the soluble sulfate found was an 
inverse function of the concentration. Reference to 
Figs. 1 and 2 will show that as the water-clay ratio was 
decreased the sulfate (percentage dry basis) decreased. 
This decrease was more pronounced in the case of a 
filtered sample than in a centrifuged portion of the 
same sample. This difference increased until a water- 
clay ratio of 2 was attained (1000 ml. of water per 500 
gm. of dry clay). A possible explanation of this differ- 
ence is that the sulfate was readsorbed while the solu- 
tion was passing through the clay coating on the filter 
cylinder. In centrifuging, no readsorption occurred 
when the clay was forced to the side walls and the 
solution escaped by another passage. 

(B) Dilution: Inasmuch as the percentage of sulfate 
found depended on the water-clay ratio (Figs. 1 and 2), 
comparable results required that the solution should be 
approximately the same in the samples of slip and cake 
when it was analyzed. A minimum water-clay ratio 
of 20 was therefore used to extract the maximum sul- 
fate content. 

(C) Time of Stirring and Soaking: It might be ex- 
pected that, within reasonable limits, the longer a 
sample or batch is blunged or stirred, the more soluble 
salts would be removed. This assumption has not been 
verified in the course of these experiments because 
results varied. After adding water to the dry ingre- 
dients and blunging only 4 hours before filter-pressing, a 
sample of S-8 showed slightly higher soluble sulfate con- 
tent than the same sample after soaking 21 hours. Two 
other samples of S-8 with a water-clay ratio of 15 gave 
identical results for sulfate, although one was analyzed 
3 hours after preparation and the other was soaked 


Taste I 
EXPERIMENTS ON ADSORPTION EFFECT OF DIATOMITE 
FILTERS 
Sample No. Treatment SOs (% dry basis) 
38a Filtered rapidly on Mandler 0.036 
38b Filtered slowly on Mandler 0.037 
38c Centrifuged 0.037 
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Fic. 2.—Concentration effect on SOT extraction for cake 


overnight. All of the samples, however, were treated 
in the same way to eliminate the time factor as far as 
possible. 

(D) Distilled Water Versus Tap Water: The Norris 
tap water, which is chlorinated spring water, has shown 
seasonal variations of soluble ingredients as listed in 
Table II. 


TaBce II 
VARIATION OF CONSTITUENTS OF NORRIS WATER 

P.p.m. 
Sulfate 1.4-2.1 
Nitrate 1.3-8.14 
Chloride 2.0-6.0 
Silica 6.0-7.0 
Calcium 21.0-34.0 
Magnesium 7.3-14.9 
Tron 0.00-—trace 
A.amonia 0.00-0.02 
Sodium 0.2-4.6 
Total solubles 93 .0-138.0 

pH, 7.5 


That a negligible sulfate contamination should be 
produced by the 200% of tap water used in the slip 
preparation was confirmed by results obtained with a 
small manually operated laboratory press (see Table 
III). Twenty-five pound batches were filtered. 


TABLE III 


SULFATE CONTENT OF S-8 Bopy In TaP AND DISTILLED 
Water (Dry Bopy’'%) 


Age of slip (hr.) 
21 168 
0.062 
* 


Water 
Tap 


Sample 3 
0.066 
0.028 
0.040 
0.062 
027 

* 


Slip 
Cake 
Filtrate 
Slip 
Cake 
Filtrate 


Distilled 


* Not determined. 


(1943) 
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(3) Analytical Procedure 

(A) Determination of Solubie Sulfate in Slip: A 150- 
gm. slip sample was stirred for one hour with 900 ml. of 
distilled water to produce a water-clay ratio of approxi- 
mately 20 and was allowed to settle overnight. The 
solution with a minimum of settlings was filtered, 
centrifuged, or acid treated to obtain a clear filtrate as 
described. One diatomite filtration was sufficient in 
most cases. Duplicate 400-ml. aliquant samples of 
the filtrate were analyzed for soluble sulfate. The 
gravimetric method, precipitating the SOj as BaSO, 
with BaCl,, was used in most cases. The volumetric 
method, however, using tetrahydroxyquinone as the 
indicator, was found to give equally satisfactory re- 
sults. 

(B) Determination of Soluble Sulfate in Filter Cake 
from Preceding Slip: A 50-gm. sample of the moist 
cake was well dispersed in 1000 ml. of water (water- 
clay ratio, near 25) and settled overnight. The same 
procedure and calculations were then employed as for 
the slip, including the moisture determination. 


TaBLe IV 
SALts In Raw MATERIALS 
Total soluble 
Sulfate (%) salts (%) 
Ball clays 
Bedminster 0.077 0.168 
Champion & Challenger = 0.086 
Jernigan (see Table VII) 0.075-0.278 0.110-0.466 
Kentucky Clay Mining Co. 0.117 0.252 
Martin No. 5 0.013 0.072 
No. 1 SGP 0.014 0.050 
Tennessee No. 5 0.023 0.074 
Tennessee No. 9 0.051 0.116 
China clays 
mae 0.022 0.027 
EPK {0-088 170 
Kamec 0.010 0.139 
0.016 0.062 
Lunday 002 046 
Newark 0.005 0.024 
Newport 0.002 0.032 
No Karb 0.009 0.020 
Peerless 0.001 0.014 
Pioneer 0.015 0.088 
PMI No. 7 0.015 0.096 
PMI No. 30 0.011 0.044 
Savannah 0.014 ° 
{0.004 0.038 
Sparks {0.007 {0,081 
Tako 0.013 0.038 
Miscellaneous 
Alaskite 0.002 0.052 
Dolomite 0.006 0.009 
Feldspar, potash 0.004 0.072 
Feldspar, soda 0.001 0.040 
Flint 0.001 0.016 
Fluospar 0.007 
Forsterite 0.003 
Kyanite 0.001 0.032 
Muscovite 0.001 0.050 
Spodumene 0.006 0.060 
Volclay bentonite 0.194 
Texas montmorillonite 0.036 ° 


* Not determined. 


| 
0.040 
0.062 
0.027 
0.041 . 
| 
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(C) Determination of Soluble Sulfate in Filtrate from 
Preceding Cake: Duplicate 100-ml. samples were 
analyzed. A cloudy filtrate was refiltered and given 
the same treatment as a slip sample. 

(D) Determination of Soluble Sulfate in Clays and 
Other Raw Materials: The soluble sulfate determina- 
tion in raw materials was made in such a way as to be 
comparable to the determination of soluble sulfate in 
slip and cake. A 50-gm. sample of natural, air-dried 
clay was placed in a flask with 1000 gm. of water 
(water-clay ratio, 20). After the clay and water had 
been shaken intermittently for 24 hours, the sample 
was filtered through a diatomite filter. Sulfate was 
determined in the filtrate and calculated to percentage 
of sulfate on a dry basis. The total soluble salt con- 
tent of clays and other raw materials was determined 
in a manner similar to that for soluble sulfate. A 
100-ml. portion of the filtrate from the Mandler filter 
was evaporated, dried at 100°C., and weighed. Re- 
sults were calculated on the equivalent dry-clay basis. 


(4) Typical Data and Calculations 
(A) Data for Slip, Cake, and Filtrate 


Slip Cake Filtrate 

Moisture determination 
Moist sample (gm.) 150.0 50.0 
Dried sample (gm.) 51.8 38.5 
Moisture (gm.) 98.2 11.5 

Sulfate determination 
Moist sample (gm.) 150.0 50.0 (100.0) 
Water added (gm.) 900.0 1000.0 
Aliquant sample (ml.) 400.0 400.0 
Wt. of BaSO, (gm.) 0.0054 0.0032 0.0072 


(B) Calculation for Slip 

Aliquant ratio = 400/(98.2 + 900) = 400/998 (assum- 
ing specific gravity of liquid phase to be 1.000.) 

Moisture on dry-residue basis = 


98.2 
5g X 100 = 195%. 


Sulfate on dry-residue basis = 


0.0054 x oes 


BaSO, * 400 * 


100 
51.8 


= 0.017%. 


(C) Calculation for Cake 


Aliquant ratio 400/1012 
Moisture (%) 30 
Sulfate on dry-residue bases = 


BaSO, 400 38.5 


(D) Calculation for Filtrate: To simplify compari- 
sons, the percentage of sulfate in the filtrate was ex- 
pressed in terms of the solids from which that filtrate 
came. The process used was as follows: 

From previous data, 195% — 30% = 165% water in 


filtrate. 
Therefore, 165 gm. of filtrate came from 100 gm. of dry 


solids, and 100 gm. of filtrate came from 100 X ine = 
60.6 grn. of solids. 


Sulfate on the dry-residue bases = 
100 


; = 0.0049% 


Journal of The American Ceramic Society—Shell and Cortelyou 


Ill. Data and Discussion 


(1) Amount of Soluble Salts in Raw Materials 

The content of soluble sulfate and total soluble salts 
found in a number of ball clays, china clays, and mis- 
cellaneous raw materials is given in Table IV. The 
sulfate content of the ball clays was higher than for 
most of the kaolins and constituted 18 to 55% of the 
total soluble content. Except for the bentonites, the 
miscellaneous ceramic raw materials were compara- 
tively low in sulfate content. Jernigan ball clay showed 
much variation in its soluble constituents, depending 
on elapsed time after mining and on previous treat- 
ment of sample. 

The sulfate content of the china clays ranged from 
4 to 45% of the total soluble salt content. Both the 
sulfate and total soluble salt contents averaged less 
than those of the ball clays. The EPK sample was 
variable, and one sample showed values comparable to 
ball clays. The sulfate content of a natural clay may 
be increased by the use of alum to promote settling 
during purification, even though settling is followed by 
washing and pressing. 


(2) Percentage Batch Composition and Soluble 

Sulfate Content of Bodies 

Table V shows the batch composition of each white- 
ware body studied, the individual soluble SO, con- 
tent of each ingredient, and a comparison between the 
calculated total SO; content of the mixture and that 
determined in the corresponding slip and filtrate. 
There is approximate agreement between the sulfate 
value calculated for the batch and the actual percentage 
found for the slip; the percentage for the slip, however, 
has a tendency to exceed the calculated value. This 
situation possibly is the result of the relatively greater 
water-clay ratio of a high sulfate constituent in a body- 
mixture sample than when each constituent was 
sampled and analyzed separately. 


(3) Effect of Age on Soluble Sulfate Content 

The analyses of samples of slips, cakes, and filtrates 
at various ages are given in Table VI. The most ex- 
tensive data are given for S-8, a slip with high ball 
clay and high sulfate content. 

Samples of Jernigan ball clay from west Tennessee 
were analyzed after different periods of dry storage in 
the laboratory bins, with the results shown in Table 
VII, sample 1. The sulfate and total soluble salt 
content showed marked increases with time. Such a 
change had already been noted by McCartt.* He 
stored two samples of ball clay, one in air below room 
temperature and the other under water at room tem- 
perature. Both samples showed a large increase over 
the original, freshly mined material, but the soluble 
sulfate content of the sample stored in air increased 
more than twice as rapidly as that of the sample stored 
under water. These data are also included in Table 
VII. The increase suggests oxidation of sulfides or 
organic compounds to sulfates. 

*K. C. McCartt, Universal Sanitary Mfg. Co., private 


communication, March 5, 1941; McCartt has been testing 
the sulfate content of Jernigan ball clay for several years 
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TABLE V 


PERCENTAGE BATCH COMPOSITION AND SOLUBLE SULFATE CONTENT OF BODIES 
Sulfate content 
Tenn. Texas ~ 


N. C. Fla. ball mont- Calecu- Found Found 
kaolin kaolin — A moril- Minor lated in in 
Alaskite Flint Dolomite (Lunday) (EPK) (No. ISGP) linite minerals* for slip slip filtrate 


SO, 0.002 0.001 0.006 0.016 0.022 0.014 0.036 


Body No. 
S-73 12.5 36.0 2.0 29.5 5.0 15.0 9.008 0.011 0.005 
8-74 27.0% 20.0%) 15.0 23.0 15.0 ® .007 .006 
S-76 12.5 36.0 2.0 36.8 7.7 5.0 .009 * .009 
S-77 4 .007 .033 007 
S-78 10.7 2.0 009 .O11 006 
S-79 29.5 4.0 15.0 1.0 008 .013 005 
S-80 36.8 12.7 007 .007 002 
S-81 9.5 5.0 .009 004 
S-82 12.5 2.0 29.5 15.0 5.0 ©) .008 
S-83 25.0 15.0 20.0 23.0 15.0®) 2.0) . 057 
S-84 12.5 36.0 2.0 36.8 11.7 1.0 009 .012 .005 
S-86 12.7 .008 .008 .093 
S-87 z 36.8 .005 .012 006 
S-88 ts 35.3 1.5 .008 008 .003 
S-90a 16.5 32.0 4 29.5 5.0 15.0 1.0 ” oll .006 
S-90 32.2 012 .003 
S-91 18.5 30.0 ‘ 1.0 007 
S-92 12.5 36.0 12.7 36.8 .051 .056 .048 
S-93 x 36.8 12.7 .007 .004 .003 
S-96 26.5 22.0 4 29.5 5.0 15.0 .008 .008 .003 
S-97 15.0 ®) .009 .012 .007 
* Minor minerals SOx (%) * Minor minerals SOx (%) 
1N. C. feldspar 0.004 7 Jernigan Tenn. ball clay 0.161 
* Kamec, N. C. kaolin .010 *C. & C. Tenn. ball clay .022 
* Kyanite, Va. .001 * Fluorspar, Ky. .007 
* Kaolin, Newport, Tenn. .002 10 in, Sparks, N. C. .007 
5 Forsterite .003 1! Ringold kaolin .136 (approx.) 
®* Kaolin, Savannah, Ga. .014 12 Plastic ball clay, Calif. .002 
TABLE VI 
SOLUBLE SULFATE IN FILTER CAKES, AND FILTRATES AT VARIOUS AGEs (I"ERCENTAGE Dry-Ciay Basis) 
e e 
(dens) Slip Cake Filtrate (dens) Slip Cake Filtrate 
S-73 84 0.010 0.010 0.005 S-8 180 0.067 (}) (2) 
210 .012 O11 .005 S-83t 126 . 057 0.027 0.043 
370 011 286 .057 (%) 
S-74 182 .010 .005 .006 S-84 133 .009 .005 .005 
348 O11 (t) (}) 293 .013 (t) (t) 
S-76 70 O11 .009 .010 S-86 105 .008 .008 .003 
196 O11 (t) (t) 265 008 (t) 
356 .012 .007 .008 S-87 91 .012 (}) .006 
S-77 7 .019 .015 .007 251 .012 .013 (D 
196 .033 .016 .007 S-88 105 .008 .009 .003 
356 .034 (3) (3) 241 .010 (t) (t) 
495 .030 .024 .010 S-91 2 .007 .005 .003 
S-78 63 .010 .007 .006 S-90 16 .012 (t) .003 
182 Oll 008 005 331 012 O11 .003 
342 014 (}) (2) S-90a 225 O11 .010 006 
S-79 70 014 : .004 S-92 1 056 .014 048 
168 012 .008 .005 S-93 6 004 .002 003 
328 013 (%) (D) S-94 1 007 .004 004 
S-80 63 .006 : .002 S-96 4 008 .006 003 
161 .005 .006 .002 S-97 y 012 .007 007 
321 .007 (}) 
S-81 56 .009 .008 .004 
154 .009 .006 .004 
S-82 * Distilled water used for this sample throughout; tap 
140 “009 “008 "004 water used for others in blunging original slip. 
300 “009 (t) (t) t S-83 and S-8 are the same except that the former con- 
‘ tains 2% of fluorspar (0.007% of SO,) replacing 2% of 
Age (hr.) dolomite (0.006% of SOQ,) of S-8; the S-8 samples were 
S-8* 4 . 067 .028 .040 from a small laboratory filter press; S-83 was from the 
$-8 17 .062 .027 .041 large press. 
S-& 21 . 062 .027 .040 Not determined. 


| 

(1943) 

{ 
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Tasce VII 
VARIATION OF SOLUBLE SULFATE IN JERNIGAN BALt CLAY 
WITH STORAGE 
Total 
Age soluble Moisture 
(weeks) Sulfate salts (%) 
(1) Norris stock 0.0 0.075 0.110 (f): 
1.1 .088 .340 (f) 
31.0 .140 .466 (f) 
(2) Freshly mined* 0.0 . 106 (t) 20.0 
(3) in air 
room 
26.0 .278 (f) 8.0 
(4) Stored under 
distilled 
water* 26.0 . 182 (t) 35.0 


* Data from Universal Sanitary Manufacturing Co. 
on a different sample, K. McCartt, analyst. 
+t Not determined. 


Inspection of Table VI will show that age apparently 
had little effect on the soluble sulfate content of slips, 
cakes, and filtrates. Some high-sulfate slips showed a 
slow increase in sulfate over a period of six to twelve 
months. One of these slips failed to increase in sulfate 
when it was diluted to a water-clay ratio of 15 and was 
treated with oxygen gas for 2 days. The reliability 
of the determinations is probably +0.001%. The 
filtrates showed the least change; the cakes and slips, 
however, showed slight variations that would be ex- 
pected in the determination of so little sulfate in the 
presence of so much colloidal matter. 


6 Sulfate cine vs. Water Distribution in 
ilter-Press 


If the only te involved in filter-pressing were the 
solution of salts in water and if adsorption is assumed 
to be a negligible factor, the sulfate content of the slip 
would then equal the sum of that in the cake plus the 
filtrate. The content in the slip should therefore ex- 
ceed that in the filtrate, and from a consideration of 
equal SO; concentration and of the water distribution 
in filter-pressing, the content in the filtrate should 
exceed that in the cake (all on percentage dry basis). 
These assumed relations may be summarized as follows: 


(1) Slip = cake + filtrate 
(2) S > filtrate > cake 


Relation (1) did not hold (+0.001%) in a majority 
of the cases as shown in Table VI. As to relation (2), 
the slip always exceeded the filtrate, but in most cases 
the filtrate did not exceed the cake in sulfate content. 

If, however, there is appreciable adsorption during 
the mixing and pressing of the slip, a part of the sulfate 
greater than that corresponding to the water distribu- 
tion will remain in the cake and the sulfate content of 
the cake could exceed that of the filtrate. Table VI 
shows that this frequently occurs, especially in the 
samples low in total sulfate; relation (2), however, 
holds in the high-sulfate samples. Inasmuch as this 
disturbance is sufficient to upset the balance in (1) and 
if adsorption is the disturbing factor, its effect is more 
pronounced in the cake than in the slip. Careful 
study of the distribution of the water and of the sulfate 


in a repeated filter-pressing experiment showed that 
the cake always contained more sulfate than would be 
expected from the water distribution. 

Sulfate was found in the present study to be at a 
higher concentration in the supernatant liquid from a 
centrifuged sample than in the water from a filter press. 
The difference amounted to as much as 30% in some 
cases. The percentage difference with clays high in 
soluble salts was lower, amounting to about 10%. 
Adsorption of sulfate by the clay cake, through which 
the filtrate passes, affords a plausible explanation of 
the preceding data. 


0.050 
Y PRESS WATER 
0.040 x CLAY Ratios 
= 0.030 
- 
z 
0.020 
o 
e010 
4 


2 3 
NUMBER OF FILTER PRESSINGS 


Fic. 3.—-Repeated filter pressing of body slip; S-8A, high 
SOT content; S-91, low SOT content. 


(5) Repeated Filter-Pressing 

To determine the effect of repeated filter-pressing on 
sulfate removal, two series of slips, S-8A and S-91, were 
processed as follows: Ten-pound batches of clay were 
made into slip and filter-pressed, forming a cake and a 
filtrate. The cake was made into a new slip, filter- 
pressed again, and sulfate was determined on each 
slip, cake, and filtrate formed. This process was 
repeated until the sulfate values became quite low. 
A second portion of slip was also centrifuged without 
dilution at each stage of the process, and sulfate was 
determined on the supernatant. The results are shown 
in Fig. 3. The decrease in sulfate content was rapid at 
first for the high-sulfate samples, but both samples 
showed only slight removal in the final pressing. Most 
of the sulfate and probably other salts in the high- 
sulfate sample evidently were removed in two filter- 
pressings. Only a slight amount was removed from 
samples that started with a low amount of sulfate, which 
was possibly the result of adsorption. The two dotted 
lines in Fig. 3 represent the calculated sulfate removal 
from the slip of S-8A and S-91 if dilution were the only 
factor involved in the removal rf sulfate. As these two 
lines show, the sulfate values would have approached 
0.000% at the end of four filter-pressings; but because 
the actual values in neither case approached 0.000%, 
other factors than dilution, quite possibly adsorption, 
must be involved. 

In aligning itself between the diluted S-8 slip and 
the S-8 press water, the curve for the centrifuge super- 
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natant (water-clay ratio, 1.25) agrees with previously 
stated data, namely, (1) that centrifugation removes 
more SO; from a slip than filter-pressing and (2) that 
dilution of the slip increases the amount of sulfate re- 
movable by any process. 


(6) Effect of Barium Carbonate on Soluble Sulfate 

Barium carbonate has long been used as a precipitant 
for sulfate in slips. Its effectiveness is shown in Table 
VIII. Barium carbonate almost completely elimin- 
ated SO,” from the press water of S-8 and greatly re- 
duced it in the slip and cake. 


VIII 
SULFATE REMOVAL WITH BaRtuM CARBONATE 
BaCOs Sli cake 
0.0 0.062 0.027 0.040 
1.0 0.005 0.006 0.001 


IV. Summary and Conclusions 

A method of analysis is presented for soluble sulfate 
and total soluble salts in ball clays, kaolins, and related 
substances. Parts of the procedure may be valuable 
in the determination of other soluble constituents. 

Table IV gives the soluble sulfate and total soluble 
salt content of a number of raw materials. Ball clays 
and bentonites have the highest sulfate contents, and 
the content in the china clays is generally quite low. 
A previous report by McCartt on the increase of sulfate 
in ball clay on dry storage was confirmed, but stored 
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samples of slip, cake, and press water from a variety of 
other materials feiled to show any great increase in 
sulfate. An attempt was made to correlate the sulfate 
found in the slip and press water with that calculated 
from the components of the initial batch mixture. The 
results show some discrepancies but are generally con- 
sistent. 

This study brought out some interesting facts con- 
cerning the relationship of clays and soluble salts. The 
filter-press water, for example, never had so high a con- 
centration of soluble sulfate as the same water in 
the slip before pressing. The decrease ranged from 10 
to 50% of the slip value. An explanation of this 
phenomenon in filter-pressing is that water was forced 
through a region of high clay concentration where sul- 
fate was removed from solution. Quite in line with 
this result is the fact that centrifuging alway3 gave a 
filtrate of higher soluble sulfate concentration than 
that obtained by filtering on a Mazidler filter. Re- 
peated filter-pressing of a slip showed that if a large 
amount of sulfate were present, 40 to 60% of the total 
would be removed in the first pressing. When the 
sulfate value had become low, however, much less 
was removed on repeated pressing. A probable ex- 
planation of these facts is the adsorption of ions by clay 
particles. 

Quantitative data confirmed the well-known fact 
that barium carbonate is effective as a sulfate precipi- 
tator in clay slips. 
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SPECTROCHEMICAL PROCEDURE IN CLAY ANALYSIS * 


By A. E. AusTIN aNnp L. B. Bassettt 


ABSTRACT 


Five types of electrodes and arcing techniques were compared. Complete qualitative 
analyses of four clays were run, and a quantitative method has been set up for trace ele- 
ments, giving a short method for sample preparation. Two elements were determined 
quantitatively to show the described procedure. 


|. Introduction 

This work was undertaken to determine a suitable 
method for spectrochemical clay analysis for trace ele- 
ments so that their effect on the physical properties of 
clays could be studied. Ordinary chemical analysis 
does not reveal trace elements and does not give fully 
the reasons for variations in firing behavior or color of 
clays when the chemical analyses are similar. Clays 
produce complicated spectra because of the large num- 
ber of elements present, and no single spectrochemical 


* Presented at the Forty-Fourth Annual Meeting, The 
American Ceramic Society, Cincinnati, Ohio, April 21, 1942 
(Materials and Equipment Division). Received May 18, 
1942; revised copy received February 15, 1943. 

+ Senior student and instructor in spectrochemical 
analysis, respectively, New York State College of Ceramics, 
Alfred University, Alfred, N. Y. 


(1943) 


method gives satisfactory results for all of these ele- 
ments. Available methods were studied, and a pro- 
cedure was derived which yields reliable information 
concerning minor constituents and traces. 


ll. Instruments 

A Bausch and Lomb large Littrow spectrograph with 
quartz optics was used as well as a projector reader and 
a d’Arsonval galvanometer-type densitometer for line 
comparison. The direct current arc was used for the 
excitation source.} A rotating sector was employed to 
cut down background and cyanogen band densities. A 
step sector with a step ratio of 1 to 2 gave means of 
plate calibration. The spectrograms were taken on 
Eastman 33 and process plates. 


t The electrodes used were “Spec. Pure,” National 
Carbon Company brand. 
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lll. Procedure 


(1) Methods of Excitation 

The five different types of electrodes and arcing 
techniques tried were (1) flat end anodes,' (2) cupped 
anodes, (3) fractionating electrodes,? (4) high-streaming 
velocity arc electrodes,’ and (5) exploding electrodes 
(see Fig. 1). 

The cathode-layer type was not tried inasmuch as the 
arc is more uniform and reproducible with the anode as 
sample carrier.‘ The amperage and voltage were 
varied for these methods, and the effectiveness of the 
rotating sector on diminishing background was in- 
vestigated. Four samples representing Tennessee ball 
and Florida china clays were examined qualitatively by 
these methods. The moving plate method was em- 
ployed for determining the time of appearance of the 


spectrum of each element. 
“re 


if 


CUPPED 


has 
FRACTIONATING 


¥ 


INSULATOR 


HIGH STREAMING 
VELOCITY 


EXPLODING 


CARBON ELECTRODES 
Fic. 1 


(2) Results 

The effects of the different electrodes (see Fig. 1) are 
as follows: 

The flat end electrodes employed by Wainer and 
Dubois! do not give so dense lines or lines of so many 
elements as the cupped electrodes. The background 


1 Eugene Wainer and E. M. Dubois, “Spectrographic 
Analysis of Enamel Frits,”’ Bull. Amer. Ceram. Soc., 20 (1) 
4-7 (1941). 

?H. C. Harrison and L. B. Bassett, “Emission Spec- 
troscopy and Its Application in Investigation and Solution 
of Problems in Ceramics,” Jour. Amer. Ceram. Soc., 24 [7] 
(1941). 

M. F. Hasler and C. E. Harvey, “Quantitative Spectro- 
ym Methods for Zinc Die-Casting Analysis,” Ind. 
Eng. Chem., Anal. Ed., 13 [8] 540-44 (1941). 

* (a) W. A. Pierce, Raminez Torres, and W. W. Mar- 
shall, “Qualitative Spectrographic Analysis in Arc with 
Grap’ shite Electrodes,” ibid., 12 [1] 41-45 (1940). 

tb) L. W. Strock, Spectrum Analysis with the Carbon 
Are Cathode Layer. pp. 1-26. Adam Hilger, Ltd., 1936. 


. Clays was as follows: 
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was slightly less dense than it was for the cupped elec- 
trodes except in the region of the cyanogen bands. 

The cupped electrodes gave the spectrum lines for all 
elements found. The rotating sector was useful for re- 
ducing background density for these two types of elec- 
trodes. 

The fractionating-type electrode gave poor results, 
inasmuch as only the elements in the higher concentra- 
tions gave consistent spectra. 

The high-streaming velocity arc electrodes gave 
denser lines for the more volatile elements and fainter 
lines for refractory elements than were obtained with 
the cupped type. 

The exploding type gave results similar to those of the 
high-streaming velocity arc; but the lines were not so 
dense. 

Spectrograms taken with cupped electrodes on mov- 
ing plates revealed that the lines of the alkalis and other 
volatile elements appeared immediately; the refractory 
elements required several seconds of burning before their 
lines appeared; and those of zirconium appeared last, 
after about 20 seconds. The alkalis disappeared within 
25 seconds, and the refractory elements continued to 
appear up to 75 seconds, the time for complete con- 
sumption of the sample. 

The number of elements found in each of the four 
(1) Tennessee ball clay 24, (2) 
Tennessee ball clay 25, (3) Florida china clay 18, and 
(4) Tennessee ball clay 24. 

The usual chemical analysis reports only such ele- 
ments as are considered important to the manufacturer. 
Unless there is some special reason for the extra ex- 
pense of a complete chemical analysis, traces of ele- 
ments are disregarded or, as in this instance, are identi- 
fied by means of the spectrograph (see Table I). 


TABLE I 


QUALITATIVE ANALYSIS OF CLAYS 
Sample clay No. 


(1) (2) (3) (4) 


Al Na Al Na Al Na Al Na 
B Zr B Zr B Ze B Zr 
Ba Ti Ba Ti Ba Ti Ba Ti 
Ca Si Ca Si Ca Si Ca Si 
Cr Sb Cr Sb Cr Cr Sb 
Cu Ni Cu Ni Cu Cu Ni 
Ga Sr Ga Sr Ga Ga Sr 
Fe Be Fe Be Fe Fe Be 
Li Sn Li Sn Li Li Sn 
Pb Pd Pb Pd Pb Pb Pd 
Mg Mg Cd Mg Mg 

Mn Mn Mn Mn 

K K K K 


IV. Conclusions on Qualitative Procedure 

To obtain a complete analysis, the use of both the 
cupped and high-streaming velocity arc electrodes is 
recommended. Best results were obtained with 
cupped electrodes, */,. in. in diameter, with the cup 4 
mm. deep and 3 mm. in diameter. The upper electrode 
should be '/s in. in diameter and pointed. The high- 
streaming velocity arc has '/,-in. diameter lower elec- 
trodes and */\,-in. diameter upper electrodes. This arc 
gives complete consumption of a sample in 5 seconds at 
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10 amperes and 40 volts. The cupped electrode gives 
complete consumption in 110 seconds at 15 amperes 
and 30 volts. By using both methods, the more vola- 
tile elements, such as Na, K, Ga, Cu, Cd, and Pb, are 
determined with the high-streaming velocity arc, and 
the more refractory elements, such as Zr, V, Ti, Fe, 
Mn, Mg, and Cr, are best found with the cupped elec- 
trodes. 


V. Methods for Quantitative Procedure 

The internal standard method of comparison was 
chosen because of the otherwise unavoidable error 
caused by the wandering of the arc and current varia- 
tion. The internal standard method consists of adding 
to the standard mixture a fixed percentage of an element 
not already present. This element should have the 
same excitation potential for the line to be used as for 
the line of the element being cetermined. Both ele- 
ments should vaporize at the same rate. The line 
density of the internal standard line should be within 
the range of densities of the lines of the element being 
determined.§ 

An analytical curve was constructed to reduce ratios 
to percentages by using standards made up of a base of 
alumina and silica with varying concentrations of the 
element to be determined. All samples contained the 
same percentage by weight of the internal standard. 
These standards were arced in cupped electrodes, and 
their spectra were photographed with Eastman process 
plates. The samples were also prepared plain and 
diluted with graphite, each containing the same weight 
percentage of the internal standard in ratios of the 
sample to graphite of 1 to 1, 1 to 2, and 1 to 3. This 
step was taken to determine the proper dilution of the 
sample with the graphite containing the internal 
standard in order to bring the intensity ratio of the line 
of the element being determined to the line of the in- 
ternal standard within the working range of the plate 
calibration curve. 

A procedure for introducing the internal standard 
into a sample by dilution with graphite containing the 
internal standard was tried in order to reduce the time 
required for sample preparation. The relative densi- 
ties of the clay, graphite, and standard base were deter- 
mined. From these densities, the relative volumes 
required for one volume of graphite to give the same 
percentage of internal standard for a mix either of clay 
or standard with graphite were calculated. Small 
scoops giving these relative volumes were made. 
Mixes of graphite with clays and standards were made 
up by grinding the small-scoop volumes of each in an 
agate mortar for rapid thorough mixing; the total 
weight for one sample was 50 mg. Originally, only the 
graphite contained the internal standard, but a fixed 
percentage of internal standard was introduced by 
mixing clay or standards with graphite. It required 
less than an hour to introduce the internal standard, 
to mix samples, and to take the spectrograms for four 


clays. 


3 W. C. Pierce and N. H. Nachtrieb, “Photometry in 
Spectrochemical Analysis,” Ind. Eng. Chem., Anal. Ed., 13 
11] 774-81 (1941); Ceram. Abs., 21 [3] 70 (1942). 


(1943) 
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The analytical curve is the plot of the log of the in- 
tensity ratio of the lines of the two elements to the log 
concentration of the element being determined. The 
intensity values were determined from the densitometer 
deflections by means of a density-to-intensity curve, 
wherein the density is the densitometer deflection and 
the curve is determined by a step sector with a step 
ratio of 1 to 2 to give an intensity range of 1 to 32. 
Background correction was made by subtracting the 
intensity of the background from the intensity of the 
line plus background to give the true line intensity.° 

The residual amount of *he element being determined 
is that originally found in the basic mix. Correction 
should be made for this by using linear equations of the 
intensity ratios to percentages of the element to find the 
percentage of the residual amount. 
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Vi. Quantitative Results 

A graphite dilution ratio of 1 to 1 gave a steady arc, 
and an increased concentration of the element could be 
determined. The other ratios of 1 to 2 and | to 3 
gave less steady arcs and corresponding erratic re- 
sults. A 1-to-1 graphite dilution thus is practical to 
determine higher percentages of an element as shown by 
a comparison of the sample analytical curves for un- 
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diluted and diluted samples. It was possible in this 
way to determine iron in higher concentration, the 
upper limit being raised from 0.5 to 1.0% of FeO; 
(Fig. 2). 

A sample analytical curve for the iron determination 
was made from the procedure of mixing clay with 
— containing the internal standard (Fig. 3). 

The preliminary investigation indicates the advisa- 
bility of further work to determine the accuracy and 
applicability of the procedure. Work for this purpose 
is now being conducted by specific application to clay 
studies. 


TABLE II 
MAGNESIUM ANALYSES 
Spectrochemical 


Clay 
(a Tenn. ball 0.65 0.60 
(2 “ “ 4 87 69 
(3 Florida china .33 .38 
(4) Tenn. ball .89 .82 
MgO(%) 
a Tenn. ball 0.18 
(3) Florida china .18 
(4) Tenn. ball .52 


There is considerable saving in time because only the 
graphite needs to be prepared with the internal stand- 
ard, and it may be kept ready for use as needed. The 
time previously required for preparation of separate 
clay samples is practically eliminated. Sufficient mix 
should be made each time so that three spectra may be 
taken; this procedure will reduce the possibility of 


errors in volume measurements and densitometer read- 
ings. The spectrochemical analysis for iron by this 
method is shown in Table II. The chemical analyses 
are taken from data furnished by the companies supply- 
ing the clay samples. The lines used for spectrochemi- 
cal determinations® were the Fe 2788.1 a.u. and Mo 
2848.23 a.u. Magnesium analyses are also shown in 
Table II, and the lines used were Mg 2782.9 a.u. and 
Mo 2775.4 a.u. 


Vil. Conclusions 
The procedure for complete qualitative analysis of 
clay to cover both volatile and refractory elements has 
been described. Best results are obtained by using 
both the cupped electrodes and the high-streaming 
velocity arc. The quantitative procedure utilizes the 
graphite dilution of sample with the graphite containing 
the internal standard as a means of introducing the 
internal standard and to increase the possible concen- 
tration range. This procedure saves time and may be 
applied in determining minor constituents and traces 
for the study of the effect of trace elements on the be- 

havior of clays 
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TRANSFORMATION REGION OF GLASS* 


By ANnruTA WINTER 


ABSTRACT 


Evidence for the existence of a “transformation region" rather than a ‘transformation 
point” in the 10" poise range of glasses has been produced by a variety of experiments, 
both static and dynamic. Refractive index was measured (1) on small specimens 
quenched in air and (2) directly in the furnace by the single-prism and three-prism 
methods. Quantitative agreement was obtained, and the method of quenched samples 
is recommended as the simplest of those tested. Thermal expansion coefficients were 
also determined on the quenched samples. 

Disannealing lowered the refractive index of glasses; for a borosilicate crown, by an 
order of 0.006. The change resulting from strains was comparatively small and in the 
opposite direction so that birefringence was found to be an untrustworthy indicator 
of the state of a glass. For a series of optical glasses, the difference between the re- 
fractive-index extremes is a function of the lowest temperature at which the minimum 
index can be realized. Thermal expansion coefficients may also vary with heat-treat- 
ment. Two limiting states of glass are postulated to explain the observations. In 
between these states lies the region of transformation, including an intermediate state 
for each temperature between the two limiting temperatures. For all of the glasses 
examined, the extent of the transformation region was about 100°C. The rate of 
transformation into the low-temperature state may be studied from “equilibrium 
curves” by plotting stable refractive index as a function of temperature. Whereas the 
conversion to the high-temperature state is instantaneous at the upper temperature of the 
transformation region, the conversion to the low-temperature condition demands a 
minimum time at each tempera‘ure, which explains why annealing is such a time- 
consuming process. The annealing time, however, may be drastically reduced by 
f. Jowing the equilibrium curves in a stepwise fashion. With insufficient annealing, 
higher temperature states are frozen in and transformation continues even at room 
temperature as proved by measurements extending over sixteen months of st-1dy. 


|. Introduction 


consideration, a critical temperature called the “‘trans- 


The phenomena appearing when glass is heated to 
temperatures at which its viscosity approximates 10'* 
poises have been the most frequently discussed topic 
in the literature on glass. 

Some experimenters operating with dynamic methods 
usually find, in the interval of temperatures under 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 20, 1943 
(Glass Division). Received October 7, 1942. 

'(a) A. Q. Tool and J. Valasek, “Concerning the 
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(b) A. Q. Tool and C. G. Eichlin, “Absorption of _ 
in Glass, ” Jour. Optical Soc. Amer., 4, 340-63 (1920 
Jour. Amer. Ceram. Soc. (Abs.), 3 (12) 1006 (1920). 

(c) G. E. Gibson, W. M. Latimer, and G. S. Parks, 

“Entropy Changes at Low Temperatures,”’ Jour. Amer. 
Chem. Soc., 42, 1542-50 (1920). 
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. Zero,” Jour. Amer. Chem. Soc., 45, 93-104 
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formation point” at which the particular physical 
constant they are measuring varies abruptly.’ Other 


(hk) G. S. Parks and H. M. Huffman, “‘Studies on Glass: 
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1842-55 (1927); Ceram. Abs., 7 [7] 493 (1928). 
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investigators, operating generally by static methods 
independent of the time factor, have found no ab- 
rupt variations in the constants which they studied.* 


A static method is one in which the glass sample remains 
at the temperature chosen and the property studied is 
measured several times until the values cease changing. 
This value is adopted as the equilibrium constant corre- 
“aa to the given temperature. 

method is one which does not fulfill these 


Dynamic studies have been carried out independently 
by different experimenters' applying a range of methods 
and studying diverse constants of glasses and vitreous 
bodies. In spite of this diversity, the critical tem- 
perature was generally observed.* Figure 1 shows the 
type of curve obtained by dynamic methods of measure- 
ments; in this case, expansion is plotted against tem- 
perature. An abrupt variation occurs in both glasses, 
for one at about 500°C. and for the second at about 
600°C. 

Figure 2 illustrates a curve obtained from a static 
type of measurement. 

It seemed desirable to attempt to clear up this dis- 
cordance by applying the two types of methods simul- 
taneously and in the same laboratory to the study of the 
same physical constant and on the same glass. In- 
formation could also be obtained relating to the nature 
of the abrupt variation which the exponents of the 
transformation point generally describe. Does this 
variation occur at a well-determined temperature or 
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is it spread over a more or less broad interval of tem- 
peratures? 

The first indication of an answer may be found in 
the writings of Lebedeff.‘ Although the method he 
applied in a certain portion of his work was dynamic, 
it is less subject to the objections generally made 
against this method. He was also the first, with 


A. A. Lebedeff, “Annealing Optical Glass,”’ Rev. 
Optique, 5, 1-30 (1926); Ceram. ry 6 [1] 11 (1927). 

(b A. A. Lebedeff, “ Polymorphism and Tempering of 
Glass,”” Trans. Optical Inst., Leningrad, 2, 1-18 (1921). 
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Fic. 1.—Curves showing expansion vs. temperature ob- 
tained by dynamic methods; reproduced from B. Long, 
Les propriétés physiques et la fusion du verre, Fig. 67, 
Dunod, Paris, 1933. 
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Fic, 2.—Curves obtained from static method of meas- 
urement showing diffusion of helium through Pyrex-brand 
glass (laboratory glass); (A) unannealed, (B) stabilized, 
and (C) after one month at 450°C.; reproduced from 
Taylor and Rast, Fig. 2.'‘/) 
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Tammann,° to hypothesize the existence in glass of a 
region rather than a point of transformation. Because 
this might explain some of the discrepancies between 
the results obtained by different methods, Lebedeff's 
procedure has been adopted and developed to give 
more direct proof of the existence of a transformation 
region. His study, furthermore, has been repeated by 
a similar method for the same constant and the same 
kind of glass but this time purely “‘static.” 


ll. Method of Quenched Samples® 

In the method used by Lebedeff,‘ several small 
samples (a few cu. mm.) of the same glass are placed 
in an electric furnace and heated at a determined rate. 
From time to time a sample is withdrawn and rapidly 
cooled in the air, and its refractive index is measured at 
room temperature (method of quenched samples). 

This method requires some explanation. Refractive 
index was the physical constant chosen for study (in 
spite of not being easy to interpret from a physical- 
chemical viewpoint) because it presents the following 
advantages: (1) The measurements are precise (1X 
10-*) and are relatively easy to make, and samples 
of very small size may be used (small samples are 
necessary in order to reach room temperature at the 
center of the specimen as rapidly as possible); and 
(2) operating by the method of refraction limit or total 
reflection, the refractive index is measured on a very 
thin layer; inasmuch as the rapidly cooled glass is 
not homogeneous, the possibility of realizing a measure- 
ment on a thin layer is invaluable. 


520004 

800}- 

700;- 

600}- 

é ~8 
500 
7 

4 

200 400 800 


Fic. 3.—Measurements obtained on a borosilicate crown 
glass; curves show refractive index and coefficient of ex- 
pansion as function of temperature from which a well- 
annealed glass was quenched. 


>feasurement of refractive index after the sample 
has been cooled to room temperature implies that the 
index characterizes the state of the glass at the high 
temperature from which quenching took place. This 


*G. Tammann, Der Glaszustand (The Glassy State) 
pp. 42-43. Leopold Voss, Leipzig 1933. 123 pp.; Ceram. 
Abs., 12 [12] 418-19 (1933). ' 

* Niuta Winter-Klein, ‘““Causes and Effects of Phenom- 
ena Appearing When Glass Is Quenched, I-II,” Rev. 
Optique, 15 8) 281-97 (1936); 16, 361-85 (November, 
1937); Ceram. Abs., 17 [4] 136; [10] 327 (1938). 
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implication requires the assumption that any trans- 
formations in the glass are slow enough that (1) when 
the glass cools rapidly, it has no time to transform 
itself to a degree which could affect the phenomenon 
and (2) changes at room temperature are negligible 
during the time needed to carry out the measurements. 

Justification for the validity of these hypotheses 
will be given later. 
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Fic. 4.—Relative effects of strains and of change of 


state on refractive index; temperature 7, indicates ap- 
pearance of strains. 
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(1) Results 

Measurements obtained on a borosilicate crown are 
represented in Fig. 3. The test samples were 1 by 
5 by 5 mm. in size, cut from the same plate after a 
good annealing. They were heated at 2°C. per minute, 
and cooled in air. The plot gives refractive index as a 
function of the temperature from which the glass was 
quenched. The difference between the extreme values 
for this index is very important because this glass is of 
the order of 6 X 10~-*. This variation does not cor- 
respond in any way to a birefringence difference, which 
always remains null because the glass was well anrealed 
and did not heat enough to cause strains to appear. 

The curve in Fig. 4, however, was obtained when 
the heating was pushed high enough; the slight in- 
crease in the refractive index is the result of the appear- 
ance of strains, and it obeys the Neumann rule as 
follows: 

An 


AB = constant 


An = refractive index variation 
AB = birefringence variation 
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The change resulting from strains is very small and 
occurs in the opposite direction. Verification of the 
state of a glass by measurement of its birefringence, 
which is the method always used in practice, is therefore 
incomplete and can sometimes give entirely wrong 
indications. 

Curves analagous to those of Fig. 3 have been drawn 
for a number of glasses chosen to represent all varieties 
used in optics. Their general trend always remains 
the same although variations from one glass to another 
occur as follows: (1) in the difference, An, between 
the extreme limits of refractive indices and (2) in the 
temperature at which the transformation occurs. Figure 
5 summarizes these findings. 
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Fic. 5.—Curve showing summary of results on nine 
diverse optical glasses; the glasses used for drawing this 
curve were barium crown dense, barium crown light, 
borosilicate crown, flint baryte, fluor crown, flint extra 
dense, crown high dispersion, flint dense, and flint light. 


In Fig. 5, the temperature, 7, whicl. will be called 
Ty, corresponds to the temperature of the second 
elbow in curves of the type shown in Fig. 3; this T is 
chosen in preference to any other temperature because 
it can be most easily determined with high precision 
(as will be shown in section III (2) p. 195). The n, 


corresponding to T, is that of a glass rapidly cooled 
from a very high temperature such as that directly 
from a melting crucible with no supplementary thermal 
treatment. From m, and An, the maximum refractive 
index that a well-annealed glass should have may be 
predicted, which is a valuable indication in practice; 
it is also a great advantage to be able to determine 
. for the same glass by one relatively easy measure- 
ment of 


(2) Expansion Coefficients 

The same method of quenched samples was applied 
to the study of coefficients of thermal expansion, 6 
(measurements were made between 20° and 50°C.). 
A typical curve is represented in Fig. 3. The two 
curves showing changes in the coefficients of expansion 
and refraction are reciprocal inasmuch as the coefficient 
of expansivity increases with the temperature of 
quenching. 

The best-annealed glass, that is, the glass nearest 
to equilibrium at room temperature, will be at its 
maximum refractive index and minimum expansivity 
coefficient. Between these extreme values, the ex- 
pansion coefficient varies 30% (for borosilicate crown 
glass to which Fig. 3 refers) so that the same glass 
could hardly be fused with itself if one piece were an- 
nealed and the other quenched. 

The curve for the expansion coefficient should be 
the derivative of the specific volume curve, and a 
comparison of Figs. 1 and 3 shows that this is really 
so. The curve shown in Fig. 1 was obtained by 
measurements made at high temperatures with the 
glass kept in the furnace; that in Fig. 3 was derived 
from measurements made at room temperature. Here 
is the first proof of the concordance of the two 
methods, that is, the first justification of the hypothesis 
on which the method of quenched samples is based. 


Ill. States of Glass 


The curves of Fig. 3 show first, that in this glass 
there are two limiting states represented by the two 
horizontal parts of these curves. The state stable at 
temperatures lower than a certain characteristic tem- 
perature, T.,, will be called alpha (a); the state stable 
above another characteristic temperature, T,, will be 
called beta (8).* The descending portion of these 
curves represents intermediate states between alpha 
and beta. 

To be able to confirm the existence of a region of 
transformation, it must be proved that the inter- 
mediate states can exist as stable conditions. It could 
be argued that the intermediate values of the refractive 
index result from too rapid cooling, that is, the state 
beta has had time to be transformed only partially into 
alpha, the more completely the lower the temperature 
from which quenching has taken place. Although 


* This notation was introduced by LeChatelier; even 
though it has undesirable features, it has become estab- 
lished and would now be hard to replace conveniently; no 
analogy is intended here with the alpha and beta, low- 
and high-temperature allotropy terminology of mineralogy. 
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this supposition is improbable for it would require 
increase in the speed of the transformation as the tem- 
perature goes down, it is preferable to settle this ques- 
tion by a direct experiment. 

This experiment must show that for each T, such 
that T, < T < T, (at constant pressure), there is one 
well-determined state of a glass and that this state 
varies with 7. 

Two samples of a glass, one in the alpha state 
(mmax, Smin) and the second in beta (min, Snax), WET? 
placed in a furnace at a certain temperature T betwee 
T, and T >». At intervals, the sampies were withdrawn 
from the furnace, their refractive indices measured, 
and they were returned to the furnace at the same 
temperature. f 

If there are only two stable states, a and $, one of 
these samples would be stable at temperature JT and 
should not vary, whereas the other would tend toward 
this same state and value. If, on the contrary, both 


samples vary and tend toward a common state, the 
stable state at T is different from alpha and beta. If 
this equilibrium state, furthermore, differs for different 
values of 7, there is definitely a region of transforma- 


tion. 


Fic. 6.—Transformation rate showing speed as a func- 
tion of temperature; m, = 1.5225; mg = 1.5164 (all 


eurves should start at zero time). 


The results of this experiment are represented in 
Pig. 6 for the same borosilicate crown.’ Each pair of 
curves having a common asymptote was obtained by 


+t This mode of operation presupposes, in addition to 
the general hypothesis under which the method of quenched 
samples operates, that it is possible to remove a sample 
repeatedly from the furnace, cool it to room temperature, 
and heat it again without comparatively changing the 
refractive index reached at the end of the last heating to 
that of a sample which has remained in the furnace the 
entire time. Justification was derived directly by a com- 
parison of indices obtained after the two treatments on 
similar samples. 

? These results agree with those obtained (a) by A. Q. 
Tool, L. W. Tilton, and E. E. Hill, ‘“‘Heat-Treatment of 
Glass, Its Refractivity and Density,”” Jour. Optical Soc. 
Amer., 12 [5] 490-91 (1926), and (6) by A. Q. Tool, 
L. W. Tilton, and J. B. Saunders, “Effect of Heat-Treat- 
(982) Refractive Index of Glass,”’ #bid., 27 [6] 222 


(1943) 


193 


maintaining both samples at the same temperature 
(indicated next to the asymptote). For each pair, 
one curve starts at zero time from the value, me, 
and the second from mg. 

The experiment proves (1) that for each temperature, 
T, between T, and T,, a stable state exists toward 
which the glass tends whether it was originally in the 
alpha or in the beta state (this state is represented by 
the common asymptote for the two samples of each 
pair) and (2) that this equilibrium state is different 
for different values of T because there is a different 
asymptote for each pair of curves. 


(1) Effect of Glass Composition 
Corresponding curves have been drawn for several 
types of glasses. Their trend is always analogous to 
Fig. 6, and the two families of curves, the one starting 
at n,, the other at ng can be represented for any glass 
by the empirical equations (1) and (2). 
n= nr + (ta — mrje~™ (for a family) (1) 
n= nr — (mp — nr)e~™ (for 8 family) (2) 


nr, B, and D=parameters for each family (function of 7 
only, constant along each curve). 


Comparison of the curves for different glasses leads 
to the following conclusions: 

(1) The temperature range of the transformation 
region seems to be about the same for al! glasses, that 
is, about 100°C. 

(2) If r be the total time needed to transform a 
sample initially in the beta form into alpha at tem- 
perature 7, and if An = n, — ng, it appears that, for 
all the glasses, r/An = constant. 


Glass type (hr.) an X 10° 
Borosilicate crown 620 6.1 2.90 
Heavy flint 217 2.2 2.86 


(3) These curves may be used to study the rate of 
the transformation. 


(2) Transformation Rates 

Two kinds of rates must be distinguished, namely, 
(1) transformation speed at constant temperature as a 
function of time and (2) speed as a function of tem- 
perature. 

For the first rate (1), these transformation curves 
are exponential, and the derivative curves, which 
represent the speed with time, will therefore still be 
exponential. As the transformation takes place at a 
constant temperature, the viscosity and with it the 
transformation speed are not influenced by any outside 
factor. These curves represent in some fashion the 
natural trend of the transformation. 

For transformation rate (2), data from Fig. 6 may 
be used. For each of these curves, the time necessary 
to reach equilibrium within the precision of the measure- 
ment is taken from the abscissas, ¢, and ¢,, of points 
E, and E, at which the curves are no further from 


their asymptotes than the precision of | X 107°. Two 
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curves are constructed which give this time as a func- 
tion of temperature for the families of alphas and betas. 
The appearance of the plots will not be the same for 
the two families. 

As the temperature increases, the equilibrium state 
approaches beta. By starting from a beta glass, the 
final state is more closely adjacent to the initial state 
with increase in temperature; starting from an alpha 
glass, the difference between the initial and final 
states increases with the temperature. The viscosity 
decreases at the same time, and the potential rate of 
transformation increases. 

Both of these factors, that is, (1) the difference 
between the initial and the final states of the glass and 
(2) the possible transformation speed, behave differ- 
ently for the two samples. For the sample that is 
initially beta, they both tend to decrease the time 
necessary to establish equilibrium as the temperature 
increases, whereas these two factors oppose one another 
for the sample that is initially alpha. At the begin- 
ning of the transformation region, the increase of the 
difference between the state from which the transfor- 
mation starts and the one toward which it approaches 
surpasses the decrease of the viscosity. The time for 
the establishment of equilibrium increases with tem- 
perature; the reverse occurs at the end of the region, 
and the time for reaching equilibrium decreases. 
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Fic. 7.—Curves showing time needed to reach the 
equilibrium state corresponding to temperatures indicated 
(the two branches of the alpha family curve are joined, 
but data for plotting the top are not available). 


These curves for speed distributions are presented 
in Fig. 7. The two branches of the alpha family curve 
are joined, but data are not available for plotting the 
top. 

To obtain the average rate of transformation at a 


given temperature, the time for establishing equilibrium 
at this temperature (taken from Fig. 7), is divided by 
the corresponding difference in refractive index (n, — 
nr) for the alpha family and (my — ng) for the beta 
family. Average rates so obtained are given in Fig. 8. 
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Fic. 8.—Curves showing average transformation rate in 
function of temperature. 


Attention is called to the fact that the law repre- 
sented by all of these curves is valid only for a glass in 
a state belonging to the transformation region. Outside 
this region, the state of the glass is no longer a function 
of the temperature. This does not mean that a glass 
will have the same refractive index at 20° and at 100° 
but that the refractive index has a temperature coeffi- 
cient which is practically constant for all temperatures 
outside the transformation region inasmuch as it does 
not correspond to a change in state. 

Outside its transformation region, it is possible 
to heat and cool a glass as rapidly as desired. The 
value of the refractive index at any definite temperature 
does not depend on this rate, provided, of course, the 
glass has enough time to reach this temperature. The 
operation is perfectly reversible and free from thermal 
hysteresis; the method involving measurements at 
room temperature for this reason gives constant values 
for refractive index for every T < T, and T > Tg. 

When the equilibrium refractive indices are known 
for each state of a glass (from Fig. 6), the curve called 
the “equilibrium curve’? may be drawn, which means 
the curve for the stable refractive index as a function 
of temperature (see Fig. 9). 

This equilibrium curve has an important signifi- 
cance. For example, a glass sample is being trans- 
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Fic. 9.—Curves showing stable refractive index as 
function of temperature. The equilibrium curve is repre- 
sented in the transformation region by the thick line; 
a—-> 8, glass heated too quickly; 8 —> a, glass cooled 
too quickly. 


formed by heat-treatment to a state nearer beta than 
at the start. As long as the transformation speed (very 
low near T ) is too low to permit the state of the 
sample to follow the increase of temperature, its re- 
fractive index remains higher than the corresponding 
equilibrium index (2 —~> 8 curve on Fig. 9). The 
curve lies above that for equilibrium. As the tem- 
perature continues to rise, the transformation speed 
increases, and all of the heating curves pass by the point 
where the transformation is practically instantaneous. 
For this reason, it is convenient to have a special name 
for this point, such as “the instantaneous point” (7, 
on Fig. 9). This is not a transformation point in the 
usual physical-chemical sense inasmuch as that point 
is incompatible with the existence of the region of 
transformation. 

Analogous behavior is not present when a glass 
sample is cooled past a state nearer to alpha than at 
the start (8 —> a curve (Fig.9)). The transformation 
becomes progressively slower here as the temperature 
decreases, and the state of the glass changes with even 
more delay. When the final temperature, T-,, 
is reached, at which the glass is to be stabilized, the 
sample will still be far from equilibrium. To reach 
this equilibrium, the glass must be maintained at 
Ty, a length of time increasing inversely with the 
transformation speed for that temperature. 

Because for this case there is no temperature at 
which the transformation speed becomes very high, 
there is no point common to ail cooling curves analogous 
to T, except when the starting point is the beta state 
Another significance of the equilibrium curve is now 
apparent. It is the limiting curve of the two regions,* 


* These results confirm those of A. J. Stojaroff, ‘“Varia- 
tion of Refractive Index of Glasses at High Tempera- 
tures,” Trans. Optical Inst. Leningrad, 4, 39 (1928). 
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namely, (1) it contains all transformation curves for 
a sample shifting from one equilibrium stete to another 
nearer beta and (2) it contains all transformation 
curves joining an initial equilibrium state to a final 
state nearer to alpha. The equilibrium curve can 
be gone over indefinitely in the direction alpha —> 
beta or the reverse. Only this curve has such a 
property. 

It has been seen that the transition from alpha to 
beta can be brought about at an arbitrary speed 
because the transformation is practically instantaneous 
at point T,. On the contrary, the passage from beta 
to alpha demands a minimum time which corres- 
ponds to the equilibrium curve. It has been stated 
(p. 194) that the state of the glass once outside the 
transformation region is no longer a function of 
temperature. It is obvious now how wrong it would 
be to conclude that once a glass is placed at a tem- 
perature outside the transformation range, it would 
necessarily be stable and would no longer transform 
itself. This is true only for temperatures above T,. 
A glass that has reached 7, is entirely in the beta 
state whatever the initial temperature and the heating 
rate. No transformation will result from a further 
increase of temperature because the same beta state 
corresponds to all temperatures above Ty, at least 
as far as shown by this study. 

When a glass specimen is cooled, however, from a 
temperature higher than 7, and at which it was in 
equilibrium, it is possible to freeze the glass in the 
higher temperature condition inasmuch as it will be 
only partly transformed when the cooling is rapid 
enough. In this case and even when the final tempera- 
ture is below T., the state of the glass corresponds to 
a temperature in the transformation region, and the 
specimen will continue to transform if it remains at this 
temperature. 

Provided the final temperature is below 7,, the 
equilibrium state toward which the glass drifts is always 
the same. Only in this sense is the state of a glass 
independent of the temperature outside of the trans- 
formation region. 

To prove the real existence of this spontaneous 
variation of glass at room temperature, the foregoing 
conclusions were checked over a period of sixteen 
months by direct measurements on a sample prepared 
for this purpose. In particular, the writer verified the 
fact that the variation of refractive index obeys the 
general law given by formula (2), page 193. 

The study of the rate of transformation has supplied 
new justification for the two fundamental hypotheses 
(given on page 191) because (1) the possibility of 
cooling a glass sample quickly enough is confirmed 
inasmuch as the sample did not have enough time to 
transform itself and make the shape of the curve wrong 
and (2) the direct observations on the transformation 
at room temperature show that the changes were 
negligible during the time necessary for the measure- 
ments. 

Another justification will be given from results 
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obtained without employing the method of quenched 
samples (p. 199-200). 


(3) Rapid Method of Annealing 

Study of the transformation laws indicates the way 
to effect the complete transformation (annealing) of 
a glass in a minimum of time. The method consists 
merely of following the equilibrium curve. In prac- 
tice, this would require varying the furnace tempera- 
ture according to a predetermined law. Considering 
the difficulties in obtaining such regulation, another 
method may be used, less perfect, but permitting 
considerable saving in annealing time. 

From Fig. 6, this time referring only to the curves 
relating to the beta family as redrawn in Fig. 10, the 
slope of a curve near the start is steeper as the corre- 
sponding temperature becomes higher. This means 
that the transformation starts at a rate proportionately 
greater as the temperature increases; at the same time, 
the limiting index becomes lower. 
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Fic. 10.—Curves of beta family redrawn from Fig. 6 
showing the isothermal transformation rates in function of 
time; (all curves should start at zero time). 


Because the rate of transformation on each curve 
decreases and approaches zero as the curve draws 
nearer to the equilibrium state, each such isotherm 
cuts all those relative to other temperatures. It is 
possible to take advantage of this fact to effect the 
complete transformation in nearly minimum time. 
For example, on any two curves relative to 7, and 7», 
such as C, and C, of the beta family, an equilibrium 
relative to 7; is sought; if the sample is put directly 
at 7), the time necessary to reach B, (Fig. 10) is h,. 
The complete operation down to arrival at point £, 
requires a time, ¢. By starting with a sample at 7>, 
point B,, which has the same refractive index as B;, 
will this time be reached after a time,  < h. 

This gain, 4; — t, has its maximum value at point 
M, where the slope of C, becomes equal to that of C, 
and then decreases. If the glass specimen is left at 
T; until its index attains the value corresponding to 
M and if the temperature is then lowered to 7; and 
annealing is continued at this temperature, the profit 
over the isothermal process at 7, ist = MN. 

This gain may be increased further by working at 
more than two temperatures. If the levels of tem- 
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perature are chosen properly, the time for the complete 
transformation of a small sample (5 by 5 by 1 mm.) of 
a borosilicate crown will be reduced from 600 hours at 
490°C. to about 50 hours. 

The limit for this procedure would be to take an 
infinity of temperatures or an infinity of curves of this 
family, that is, to follow the equilibrium curve. To 
achieve this limit, the corresponding law for the varia- 
tion of the temperature as a function of the time 
should be determined. This is easy when the equation 
is known for the family of curves of Fig. 10, that is, 
when the coefficients n; and B of equation (2), = 
nr — (ng — nr)e—™, as a function of temperature are 
known. 

(3) 


(4) 


t = f(n, T) (general equation for family of Fig. 10) 
T: = + AT 

= f(n, (5) 

ty = f(m, T:) = f(m, T + AT;) (6) 


The equation for t is developed as a series and, by 
neglecting the terms higher than the first order, it 
becomes equations (7) and (8). 


te = f(n, + (7) 


= ($5), ar 
i 


This difference will be a maximum for the value of n 
(equation (9)). 


(8) 


oT On ©) 

Equation (9) establishes between T and n the rela- 
tionship, » = ¢(T), which may be substituted in 
equation (2) to give equation (10), the relation sought. 


t=f[e(T), T] = A(T) (10) 

Equation (10) constitutes the complete theoretical 
solution of the problem. To apply it practically, the 
analytical expression, = f(n, T), must be determined, 
which requires the knowledge of B (from equation (2)) 
as a function of temperature, and this determination 
has not yet been made in a direct way. To conduct 
the annealing which has permitted the complete trans- 
formation of a borosilicate crown, the intermediate 
temperatures were chosen by consulting a series of 
curves analogous to those of Fig. 10. 


IV. Methods for Measurement in the Furnace 


The method of quenched samples leads to the con- 
clusion that the refractive index of glasses exhibits 
rapid variations at certain temperatures. Although 
this conclusion agrees with dynamic methods, the nature 
of the discontinuity is not the same. Instead of a 
transformation point, a transformation interval occurs. 

Properly speaking the method of quenched samples 
applied as described in section II, p. 191, which gives 
the most direct proof of the existence of the region of 
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transformation, is not a dynamic method. It is im- 
portant, nevertheless, to verify the findings by a purely 
static method, free from the hypotheses on which the 
method of quenched samples is based.* 

This static method 
consists of heating a 
sample of the glass in a 
furnace to a selected 
y temperature and main- 
taining it there long 
enough to allow the 
glass to reach a stable 
state. The constant 
chosen to characterize 
this state is then meas- 
ured, while the sample 
remains in the furnace 
at the temperature at 
which it is being studied. 

It may be asked why 
this method was not 
applied from the start 
instead of the method 
of quenched samples, 
particularly because it 
is much more direct and 
less open to criticism. 
The answer is that its 
technique is much more 
complicated. Before the 
method is applied, there- 
fore, it is valuable to 
have precise indications 
of the general trend of 
the phenomena to be 
studied, namely, the 
i range of temperatures 
involved and especially 
the order of magnitude 
of the time necessary 
for a sample to reach 
its equilibrium condi- 
tion. In addition, if the 
method of measurement 
in the furnace, which is theoretically better but tech- 
nically more difficult, verifies the conclusions of the 
simple, technical method of quenched samples, this 
latter simple method could possibly be used in many 
cases, especially in plant practice. 

For the characterizing constant, refractive index is 
again used. This choice is made to allow the most 
direct comparison between the results obtained by the 
two methods and also because measurements may be 
carried out without bringing the sample into contact 
with the measuring apparatus. This is an important 
advantage because the measurements this time are 
continued up to 900°C. The difficulties in installetion 
of the apparatus are thereby avoided as well as the 
possibility of secondary phenomena, which might cause 


Fic. 11.— Diagram showing 
path of rays; single-prism 
method used. 


* The com of results obtained by these two 
methods will be a direct verification of the validity of 
these hypotheses. 


(1943) 
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wrong measurements; for example, the utilized boro- 
silicate crown glass devitrified entirely at 650°C. when 
it came in contact with copper. 

The only classical method which permits measure- 
ments of refractive index without contact with the 
sample uses the goniometer, which would require a 
furnace of special form and could be applied only up 
to the deformation temperature of the g‘ass. 

Two alternative methods, therefore, have been de- 
veloped. The first, the single-prism method, which is 
more convenient, can be applied only when the faces 
of the sample are not deformed, but it has the ad- 
vantage of allowing the use of an ordinary tube furnace 
and its precision is equal to that of the best goniometric 
method. The second method of three prisms is much 
more difficult, but it permits measurements at tem- 
peratures above the start of deformation of the glass. 


(1) Single-Prism Method 

A bundle of parallel rays directe _ ng the per- 
pendicular to base CB of prism ABC (b.,. 11) falls on 
faces AB and AC. After passing through the prism, 
two bundles of light, arising from the two faces of the 
prism (Fig. 11 shows the path of the rays), make angle 
2¢ between them. 

From the measurement of 2i, the refractive index, 
an, of the prism may be deduced by the formulat 
(equation (11)). 
a= (sin? + 2 sin i cos asin 2a + cos*a)'/* (11) 
2a = refracting angle. 


Equation (12) may be used to measure small varia- 
tions in m. 


uae __1__ (sin ¢ cos ¢ + cos i sin 3a cos a) di 
cos 3a (sin?i + 2sin 4 sin 3a cos a + cos*a)'/* 


The optical portion of the apparatus consists of a 
collimator and a spectrometer. 

The precision of the measurements may be increased 
and the calculation simplified by giving 2a a value such 
that at room temperature (from which measurements 
start) i becomes nearly zero. Angle i then remains 
small enough for the two bundles of light to remain 
simultaneously in the spectrometer without adjust- 
ments even for the highest temperature reached. 
The measurement is made merely by a reading on the 
micrometer of the spectrometer. In addition, when 
i remains small, sin ¢ may be neglected and cos i may 
be replaced by unity. This approximation will be all 
the more legitimate because only variations of n are 
calculated, and these are small in relation to the absolute 
value of the refractive index. A moderate precision 
on dn, therefore, gives a high precision on n. 

The simplified forms of formulas (11’) and (12”) are 


1 — 4sin’*a 


(12) 


n= (11’) 


t Equation (11) is derived by eliminating 7, and r, from 
the following relations from Fig. 11: 


sini = sinr,; = n cos (3a + 
cosa = n sin 
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dn = tan 3adi (12’) 


To illustrate the precision that may be obtained, 
a specimen of glass is used, which at room temperature 
has a refractive index equal to 1.52385 for 4 = 04546, 
The value of 2a ing to i = 0 (for room 
temperature) is 34° (formula (11’). The micrometer 
permits easily the measurement of an angle of 1". When 
these values are placed in equation (12’), dn = 7 X 
10-6, 


(2) Method of Three Prisms 

A sample of the glass under study, which was worked 
into an equilateral prism, was placed between two 
30-60-90 degree prisms of vitreous silica. The as- 
sembly formed a direct-vision prism as shown in vertical 
section in Fig. 12. The lateral sides of the experimental 
prism were also covered by small plates of vitreous 
silica, and the entire combination formed a chamber 
of vitreous silica exactly inclosing the shape of the 
prism. The sample was thus retained within a higher 
softening giass, and its faces could not deform even 
when the glass became very plastic. Measurements 
could be continued to ™0°C. 


4 


Fic. 12.—Path of rays as derived by method of three 
prisms. 


The path of the rays is represented in Fig. 12, if the 
refractive index, n, of the glass is higher than the NV 
of the vitreous silica, which is true in this instance. 
The optical part, as before, was composed of a spectrome- 
ter and a collimator. To simplify the calculation, 
the angle of incidence was set at zero, that is, the 
parallel rays from the collimator fall perpendicularly 
on the side of the silica prism. 

The refractive index, n, may be calculated as a func- 
tion of the final angle, 4, measured with the spectrome- 
ter, by formula (13).* 


* Equation (13) is obtained by elimination between the 
following relationships given immediately by Fig. 12, 
the angles 

Nsinn = nsinr, = NsinC 
N sin ry = nsinr; = Nsin(A — ro) 
N sin rs = sini = N sin (rm, — C) 


and by replacing angle C by 30° and angle A by 60°. 
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sin? + V3 + 2N* + (25/3 sin i + 


N)V sin? (13) 
Application of this method requires preliminary 
knowledge of the variation with temperature of N, the 
refractive index of vitreous silica. This variation has 
been studied by the single-prism method, partly de- 
veloped for this purpose. The results may be ex- 
pressed from about 350°C. up by formula (14). 


Nr = No + 1.5(0.01T — 1) X 107? (14) 


The precision of formula (14) largely exceeds the 
necessary few units in the fifth decimal place. The 
variation of n is of sufficient magnitude to make this 
precision adequate, and it permits neglecting the 
variation of refractive index of the air with tempera- 
ture. 


(3) Dynamic Method 

The three-prism method has been applied to static 
study of glass, and the single-prism method was used 
in a dynamic way to study the transformation region 
from the beginning up to deformation of the sides of 
the sample. 

The mode of operation was as follows: The glass 
prism was heated at a speed of 1° per minute; the 
refractive index increased at first, then began to 
decrease from a temperature, 7, (greater than 7, 
given by the method of quenched samples because 


2r 
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200 300 400 500 600 
Fic. 13.—Dynamic measurements of changes in refractive 
index during heating; single-prism method. 
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the rate of heating exceeds the rate of transformation) ; 
heating was continued to 7; the sample was then 
cooled a certain amount and again heated to 73, cooled 
again, and so on. 


Fic. 14.—R_ sults obtained by static method on boro- 
silicate crown glass; (left) curve shows variation of i as 
function of temperature; (right) curve shows refractive 
oo. as function of temperature calculated from formula 
(13). 


The results obtained are represented by the broken 
line in Fig. 13. Each consecutive heating and cooling 
produces a loop which represents the thermal hysteresis 
of the glass. This reaction could be foreseen from indica- 
tions given by the methods of quenched samples that 
the cooling and heating curves were different and that 
the equilibrium curve passed between them. 

An equilibrium curve is now derived by passing a line 
through all of the loops to obtain the heavy line of Fig. 
13. For simplicity, only a few loops are drawn here, 
but the equilibrium curve can be obtained with good 
precision by shortening the intervals between the 
loops.t 

Only one portion of the equilibrium curve is obtained 
by this method because the sides of the sample become 
deformed before T, is reached. The trend of the 
phenomena in the region studied is identical with that 
given by the method of quenched samples. The 
values of T, indicated by the two methods coincide 
with sufficient precision. The two curves cannot be 
expected to coincide numerically because the reversible 
temperature coefficient of refractive index exists for 
values measured in a hot furnace but is eliminated by 
the method of quenched samples. 

The reversibility of the variation of the temperature 
coefficient below 7, was verified by heating and cooling 
the sample many times. Independently of the speed 
with which this operation was conducted (provided 
the sample has had time enough to reach the tempera- 
ture), the variation of the refractive index always 
follows a segment of curve n,7, of Fig. 13. Hysteresis 
cycles, such as those occurring at temperatures above 
cannot be obtained. 

The same method was applied to about ten different 
types of glass with results analogous to those presented 
here. 


t Lebedeff was the first to obtain the equilibrium curve 
in this way; see footnote 4, p. 190. 


(1943) 
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(4) Static Method 

The principle of this method is to maintain the 
sample at the temperature in question long enough for 
the glass to reach its equilibrium state. It is useful 
to have an advance indication of the range of magnitude 
of the time needed to reach equilibrium, and this was 
obtained from the method of quenched samples. In 
practice, the sample was maintained at the temperature 
of the experiment at least twice as long as the indicated 
time with confirmatory measurements of the refractive 
index to prove directly that equilibrium had been 
reached. 

For example, the time to reach equilibrium at tem- 
perature T = 530° was 61 hours (Fig. 7), but the 
sample was held there for 122 hours; for the last 62 
hours, the refractive index was constant. 

A valuable verification of the method of quenched 
samples was also found in all cases. The time to reach 
equilibrium agreed with the prediction, certainly within 
2% and probably better than 1%. 

The same borosilicate crown, used for the previous 
experiments, and a dense barium crown were studied by 
this method with the results shown in Figs. 14 and 15. 
It seemed interesting to give first the curve for the 
variation of i as a function of the temperature (Figs. 
14 (1D and 15 (1)) and then for m as a function of 
temperature; (Figs. 14 (II) and 15 (II)); # and 
are calculated from the actual measurements by for- 
mula (13). 

The three parts which may be distinguished on the 
curves of Figs. 14 (I) and 15 (I) illustrate the fact 
that from A to B, both m and N increase; from B to 
C, n decreases and N continues to increase in accordance 
with the general law given in equation (14) and from 
C to D, n begins to increase again, while N continuously 
increases. 


15800" 
52 i ic i i i 
200 400 GOO &X 1000 

Fic. 15.—Results obtained by static method on dense 

barium crown glass; (left) curve for variation of i as func- 

tion of temperature; (right) refractive index as function of 
temperature calculated by formula (13). 
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As in the dynamic metuod, the reversibility of the 
variation of the refractive index below T, has been 
verified. This reversibility has not been verified 
systematically for temperatures above T,, but the few 
experiments carried out also gave reversible results. 

A comparison of part of the curve of Fig. 14 (II) with 
the curve of Fig. 13 given for the same glass by the 
dynamic method shows that the two curves coincide 
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completely within the precision of the measurements. 
The more simple and more precise dynamic method 
may therefore be used in all cases in which the sides of 
the sample are not deformed at the temperatures used. 

The principle on which the determination of the 


coolings pass the glass through a series of states com- 
prising a closed hysteresis cycle, inside of which the 
equilibrium curve passes. 

Inasmuch as this prine’ple was first deduced from 
the method of quenched samples, an indirect con- 
firmation of that method occurs. The results obtained 
with the two methods may now be compared. The 
forms of the curves of Figs. 3 and 14, drawn for the same 
glass, differ only in the elimination of the reversible 
temperature coefficient in the former. The existence 
of a region of rapid variation of the refractive index, 
called the transformation region, has been confirmed. 
The temperature, 7, determined by the two methods 
coincides within the precision of the measurements 
(T., was determined to approximately 10°C.). 

It is more difficult to compare the other numerical 
data. The value of Ty» obtained by the static method, 
of course, is higher than the 7, of the method of 


quenched samples. For all those temperatures which 
are not affected by the method of quenched samples 
but belong to the transformation region according to 
the results of the static method, a very short time is 
required to reach equilibrium by the static method. 
With the method of quenched samples, all the states 
near beta are lost because the time to reach equilibrium 
is lower for these temperatures than the time necessary 
to quench the samples (5 minutes). 

The time to reach equilibrium given by the two 
methods coincides closer than 2% as shown previously. 
This is true, however, only for the temperatures for 
which the time is long enough that the systematic 
errors can be neglected (errors which are inherent in 
the method of quenched samples); for example, 
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recovery of temperature by the furnace after opening 
the door to introduce the sample and the time for the 
sample to reach the temperature of the furnace. 

In any case, the method of quenched samples gives 
results precise enough to indicate the best practice to 
control the temperature during the annealing of glass. 


V. Conclusions 

With each method applied to study the refractive 
index of glass as a function of temperature, a region was 
always found in which this index varies abruptly. 

Among the methods applied, the two techniques of 
measurement in the furnace, the static and the dynamic, 
gave quantitatively identical results within the pre- 
cision of the measurements. — 

These results agree quantitatively with those ob- 
tained by the method of quenched samples. Whenever 
a direct quantitative comparison between these 
methods is possible, the numerical results also coincide 
within the precision of the measurements. 

From the practical point of view, this comparison of 
results shows which method will give results precise 
enough to fit the case under study. The method of 
quenched samples is the easiest for simplicity in 
technique, followed by the single-prism method and 
the three-prism method. 
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THEORETICAL ASPECTS OF CHEMICAL ATTACK OF GLASSES BY WATER* 


By A. K. 


ABSTRACT 
The effects of time and temperature on the — attack of glasses by water are 
represented by the equation; @ log N = log @ — Pte N = attack; @ = time; T = 
absolute temperature, °K; a, 6, and c, are experimentally determined constants. The 
constant, b, of the equation is independent of the glass composition and of the size and 
shape of the sample tested and has a value of 5080 for tests of ordinary glass containers. 
As a time-temperature function, the equation may be written as log @ = b/T — C, in 
which form it is useful for estimating the storage or service conditions equivalent to an 


accelerated test or for calculating the conditions of alternate iests. 


Data from the liter- 


ature are used in demonstrating the accuracy and usefulness of the equation. 


|. Introduction 


Water is commonly employed in testing the chemical 
durability of glasses. As has been pointed out, how- 
ever, particularly by Bacon and Burch,' the results ob- 

tained from accelerated tests, 

using water as the test liquid, 
are often misleading and bear 

> = little relation to the service be- 

7 0 havior of the glasses tested. 

In a previous presentation,’ 
the present author suggested 
that data from accelerated tests 
could be correlated with service 
behavior only when the chemi- 

UW. cal attack was of about the 
same magnitude in the two 
cases. Thus, if it were found 
that a sample yielded the 
equivalent of 12 mg. of sodium 
hydroxide per liter of content 
when treated for 7 hours at 
95°C. and that the same release 
of alkali was obtained in one 
year at room temperature, the 
7-hour test, when applied to 
other samples, would then be 


Fic. 1.—Cross sec- 
tion of piece of glass 


expected to duplicate service 
surface, B behavior. 


Confirmation of this principle 
was given by Bacon and Burch'™ in a subsequent re- 
port, and some of their results are presented in Table I. 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 21, 
1943 (Glass Division). Received April 21, 1943. 

‘(a) Frank R. Bacon and O. G. Burch, “Effect of Time 
and Temperature on Accelerated Chemical Durability 
Tests Made on Commercial Glass Bottles,” re Amer. 
Ceram. Soc., 23 [1] 1-9 (1940); ge [2] 56 

(b) Frank R. Bacon and O. G. Burch, “ t of Time 
and Temperature on Accelerated Chemical Durability 
Tests Made on Commercial Glass Bottles, II,” ibid., 24 
29-35 (1941). 

* A. K. Lyle, ‘Relation Between Storage and Acceler- 
ated Chemical Durability Tests for Several Glass Com 
tions.” Paper presented at the Autumn Meeting the 


Glass Division, September 9, 1939. 
(1943) 


An inspection of the data reveals the almost perfect 
duplication of chemical attack under the several sets of 
conditions selected. Seven hours at 95°C., two days 
at 75°C., three weeks at 50°C., and one year at room 
temperature are, for most glasses, mutually equivalent. 
It would seem then that some definite relations of time 
and temperature exist and that these relations may be 
expressed by an equation of the proper form. 


TaBLe I* 
ALKALI ExTRACTED as NaOH 
Temp. °C. 95 75 5 Room temp 
Time 7 hr. 2 days 3 weeks 1 year 
Bottle Alkali extracted as NaOH (mg./ister) 
B 7 6 7 7 
D G 9 9 
E 10 11 
G ll 11 
G 14 12 13 13 
A 16 16 14 11 
J 15 16 15 15 
H 15 17 16 17 
K 15 20 18 17 
F 19 21 17 16 
I 21 24 22 2) 
* Data reported by Bacon and Burch.' 
ll. Time Effect 


Figure 1 represents the cross section of a piece of 
glass undergoing chemical attack by water at the surface, 
BD. The concentration of soluble material in the glass 
is plotted above the base line, AB, and is represented 
asw,. After some time, @, the concentration of soluble 
material at the surface of the glass will have decreased 
to the value, w,, and the chemical attack, will have pro- 
ceeded to some depth, x. The concentration of soluble 
material in the glass increases from w, at the surface, 
along line CE, to w, at distance x from the surface. 
This concentration gradient is not a straight line as in- 
dicated but may be considered as such for the moment. 
The difference in concentration, w, — w,, acts as the 
driving force for the transfer of soluble material from 
the glass to the water, and the surface skin, represented 
by the distance, x, offers resistance to the reaction. The 
rate of transfer of soluble material from the glass to the 
water is represented by equation (1). 
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kA(w. — w,) 
(1) 

N = soluble material. 

@ = time duration. 

A = glass area exposed to attack. 

W. = concentration of soluble material in glass. 

w, = concentration of soluble material at glass-water 


interface. 
x = depth of attack. 
k = reaction constant (a function temperature). 
The amount of soluble material in the water at time 
@ is equal to the amount lost by the glass; thus at the 
time, 6, 


(w. + w,) 
N= ain 
2N = w,) 
A(w, — w,) (3) 


Equation (3) is obtained by substituting the value of 
x from equation (2) in equation (1). 


aN k{A (we w,) 
2N 3) 
By integrating, equation (3) becomes equation (4). 


M = constant of integration. 


When @ is zero, N is zero, and M is therefore zero; 
the values of k, A, w,, and w, are constant for a given 
set of conditions and may be combined as a single con- 
stant, K. 

It was assumed in the beginning that the concentra- 
tion gradient was uniform, but this is not necessarily 
the case; it is therefore better to substitute an a for 
the squared term on N. Equation (4) now becomes 
equation (5). 

N* = 
or alog N = log @ + log K (5) 
a and K = experimentally determined constants. 


Keppeler and Thomas? have shown that an equation 
of the form, N* = K@, may be used to represent the 
time dependence of the water attack on glass. Because 
the term, a, was found to be nearly 2 in the several 
glasses tested, they suggested that the value of the 
constant, K, be determined from two values of N? and 
6 by the following formula: 

N? — 
— 

The constant, K, is large for glasses yielding a large 
amount of alkali and small for glasses of good chemical 
durability. These authors also proposed that the value 
of K be used as the measure of the chemical durability. 

The usefulness of the Keppeler-Thomas formula de- 
pends on the constancy of the value of the exponent, 
a. Inasmuch as the variation in the value of the ex- 
ponential term is the key to the difficulties encountered 
in attempting to correlate data from chemical dur- 
ability tests, the parabolic equation of Keppeler and 
Thomas must be set aside in favor of the more general 
form. 

*G. Keppeler and M. Thomas, ‘“‘Time Dependence of 


Water Attack on Glass,” Glastech. Ber., 11 |6] 205-208 
(1933); Ceram. Abs., 13 [4] 85 (1934). 
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Sharp‘ proposed an equation almost identical with 
equation (5) but containing an added constant; written 
in the same form as (5), this equation is as follows: 


a log (N + N;) = log @ + log K 


The equation was found to fit the data for any of the 
commonly used methods of test, including measure- 
ments of loss of weight, alkali extracted, and electrical 
conductivity, with an error of less than 1%. The value 
of the constant, a, was found to vary with the type of 
test used and the parabolic function of Keppeler and 
Thomas was considered to be a special case where the 
value of a was 2. 

Berger’ also found the Keppeler formula to be a some- 
what inaccurate approximation, and he suggested a 
logarithmic formula. 


N « K log (* +1) 


mand K = constants. 
N = amount of alkali released. 
6 = time. 


The constant, m, is chosen so that a graph of the 
data is represented as a straight line on semilogarithmic 
coordinates. The constant, m, evidently is intended to 
correct for the time equivalent to the pretreatment, 
such as rinsing or weathering that cannot be avoided 
in most test procedures. To determine the value of m, 
three sets of time-attack data are required. 

When the Berger formula is applied to data from 
tests of bottles, it gives a rather poor fit in many in- 
stances and the required computations are somewhat 
complicated. This equation gives a better representa- 
tion of the course of the attack at short times than does 
the Keppeler-Thomas equation, but neither gives as 
good an over-all representation as does equation (5). 

According to equation (5), the effect of time on the 
amount of soluble material released by a sample sub- 
jected to chemical attack by water at constant tempera- 
ture may be represented as a straight line on log-log 
coordinates. Figure 2 is a log-log graph of the data* 
from tests of a single lot of 6-oz. capacity bottles tested 
with water at 95°C. for 1, 2, 3, 4, 6, and 24 hours. 
Figure 3 is constructed from data from tests of two 
glasses reported by Bacon and Burch.' It is apparent 
here that not only does the straight-line relation hold 
but that, for a given sample, the slope of the lines does 
not change appreciably with the temperature of the 
test. It should be noted, however, that the slope of the 
lines is not the same for both glasses. From these ob- 
servations, it seems that the constant, a, of equation (5) 
is characteristic of the glass composition and generally 
independent of the temperature of the test. 


*D. E. Sharp, ‘“‘Time Factor in Durability Tests.” 
Presented before Glass Division, September 14, 1934; 
for abstract, see Glass Ind., 15 [9] 207 (Oct., 1934); Ceram. 
Abs., 14 [1] 11 (1935). 

5 E. Berger, ““Fundamental Principles Underlying the 
Chemical Corrosion of Glass,” Jour. Soc. Glass Tech., 20 
[80] 257-78 (1936); Ceram. Abs., 17 [1] 13 (1938). 

* Previously unpublished data from the laboratories of 
the Hartford-Empire Company. 


Vol. 26, No. 6 


= 
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Theoretical Aspects of Chemical Attack of Glasses by Water 
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Fic. 2.—Time-attack results for single lot of 6-oz. ca- 


pacity bottles tested at 95°C. 
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Fic. 5.—Time-attack results for two lots of bottles tested 
at 50°, 75°, 95°, and 121°C., after Bacon and Burch.’ 


lll. Temperature Effect 
The amount of alkali released by a glass is a function 
of the glass composition and also of the temperature at 
which the reaction occurs. The constant, k, of equa- 
tion (4) and therefore K of equation (5) is a function of 
the temperature. The Arrehenius equation for the 
effect of temperature is shown by equation (6). 


b 
log (6) 


T = absolute temperature. 

bandc = experimentally determined constants. 

By substituting in equation (5) the value of log K 
from (6), equation (7) is obtained. 


a log N = logo — + (7) 


Equation (7) includes both temperature and time. 
By choosing the proper conditions in a series of tests, 
the time required to release a given amount of alkali 
at several temperatures can be determined. These 
same time-temperature relations should then hold for 
other glasses. Table II shows these relations for two 
lots of 16-oz. bottles.* One hr. at 120°C., 8 hr. at 
95°C., and 20 hr. at 85°C. produce about the same re- 
lease of alkali for each glass. 

Table III is assembled from data reported by Bacon 
and Burch'; the columns of data are almost identical. 


* See star footnote, p. 202. 
(1943) 
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Owens and Emanuel‘ found that the alkali released 
by a certain lot of 8-oz. bottles was the same when 
tested at 120° for 1.5 hr., at 115° for 2 hr., and at 110° 
for 3 hr. ‘ 

An inspection of data on bottles of 8-oz. capacity re- 
ported by Herman’ shows that a test at 105° for one 
hour is approximately equivalent to a 3-hour test at 
90°C. 


Taste II 
ALKALI ExTrRaAcTEep as NaOH 
Temp. (°C.) i20 95 85 
Time (hr.) 1 s 20 
Bottle NaOH (mg./liter) 

23 4 4 4 
127W 13 13 12 
TaB.Le III* 

ALKALI ExTRacTep As NaOH 
Temp. (°C.) 95 75 50 Room temp. 
Time 4 br. 24 br. 14 days (6 mo.) 

Bottle NaOH (mg. /liter) 
B 3 3 4 6 
D 6 6 6 7 
E 7 7 7 7 
G 7 7 9 10 
A 12 10 12 10 
J 12 ll 12 12 
H 11 12 12 13 
K 10 ll 12 14 
F 14 14 14 14 
I 18 18 18 17 


* Data reported by Bacon and Burch.' 


The data for the time-temperature relations of 
Tables I, II, and III and the time-temperature sched- 
ules of Owens and Emanuel and of Herman have been 
plotted in Fig. 4. The straight lines representing the 
various sources of the data are seen to have the same 
slope. The constant, 6, of equation (7) is, therefore, 
for the data and type of test used, a universal constant 
and is independent of the glass composition and of the 
size and shape of the sample. That the results from 
tests at relatively high temperatures for short times can 
be extrapolated to “room temperature” is shown by the 
results for 6 months and 1 year of storage for which 
the indicated test temperature is about 25°C. The stor- 
age conditions actually varied between 23°C, and 32°C. 
The value of b calculated from the datais 5080. Equa- 
tion (7) may now be written as shown by equation (8). 


alogN = log +0 (8) 


IV. Time and Temperature Effect 


When equation (8) is applied to data from two tests 
of a single lot of bottles, it may be used to calculate 
the complete chemical durability relationships of that 


* J. S. Owens and E. C. Emanuel, “Variable Factors in 
Accelerated Autoclave Chemical Durability Tests,” 
Jour. Amer. Ceram. Soc., 25 (No. 5, March 1] 143-49 (1942). 

7 A. Herman, ‘‘Factors Influencing Autoclave Chemical 
Durability Tests of Glass Containers,” ibid., 24 [10] 323- 
27 (1941). 
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Fic. 4.—Time-temperature relation from data on bottles 
of various sizes as reported by several investigators. 


_ particular lot. Just how well the equation fits the data 


may be seen from a tabulation of calculated and ob- 
served values for the glasses from Table I. These re- 
sults are given in Table IV. 


TaBie IV 
APPLICATION OF EguaTion (8) To Test Data 


alogN = log 


NaOH (mg./liter) 
1 year at 27°C. 


Calculated Determined ned 


Bottle (a) 

B 0.950 13.662 5 7 
D 1.432 14.322 9 9 
E 1,187 14.212 ll 9 
G 1.120 14.156 ll 11 
Cc 1.987 15.105 12 13 
A 1.804 15.151 16 11 
- 1.700 15.042 16 15 

1.400 14.665 16 17 
K 0.903 14.112 18 17 
F 1.544 14.975 19 16 
I 2.000 15.720 23 21 


The values of a and c were calculated from data ob- 
tained at 95° for 4 hr. and at 121° for 1 hr., as reported 
by Bacon and Burch,' both conditions being suitable 
and convenient for laboratory testing. The calculated 
values for glasses A and F do not agree particularly well 
with the determined figures, but the agreement for the 
other glasses is indeed good. 

Equation (8) may be simplified to a time-tempera- 
ture formula because (c — a log N) is a constant for 
any selected set of time-temperature conditions; this 
equation then becomes, 


= 
C = c — alog N. 


If 6, and 7, are the time duration and temperature, 
respectively, for service conditions and 6, and 7, are 
the corresponding conditions for an accelerated test, 
equation 9 follows. 


Log — log = 0.5080 (9) 


Suppose that it is desired to simulate in a 1-hr. test 
the chemical attack by water at 30° for | year. 


6, = 8760 hr. ( 6, = hr. 


T, = 303°K. (30°C T: = to be determined 
(T: 303) 
Log 8760 T3038) 5080 

T, = — (308)(5080) 

* (3.9425)(303) — 5080 

7, 1540000 


3885 
T; = 396°K. or 123°C. 


By equation (9), the accelerated test at 123°C. for 
one hour is equivalent to one year at 30°C. Tests 
simulating other specified service conditions could be 
determined similarly or alternate tests could be de- 
vised. 

Some attempts have been made to apply the general 
equation to data obtained from tests in which dilute 
acids or alkalis were the test liquids. The straight-line 
log-log representation of the time-attack data was found 
to fit very well for tests with acids and also in many in- 
stances for tests with alkaline solutions. The rate and 
the amount of the attack, however, were found to vary 
with the strength of the test solutions, and the effect of 
temperature appeared to be more complicated than 
that indicated by the present equation. 

In view of these observations it should be empha- 
sized that the use of the equation is limited to data 
on the chemical attack of glasses by water, and, for the 
present at least, to glasses of the soda-lime type. The 
data do not fit in all cases, and it is likely that 
other exceptions will be found. The general agreement 
between calculated and observed results is so striking, 
however, that further complication of the formula to 
take into account the testing of weathered or pre- 
treated glasses seems inadvisable. 
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